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“Two roads diverged in a wood, and I - 
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Understanding the global patterns of human genetic variation is of fundamental 
interest not only to evolutionary and anthropological sciences, but also in the biomedical 
research field. Despite the considerable amount of published studies, the genetic history 
of the populations of Southeast Asia (SEA), in particular of Island Southeast Asia (ISEA) 
is still not fully enlightened. For decades, the most widely accepted model for the peopling 
of ISEA involved a first colonization around 50,000-60,000 years ago, followed by a large 
population replacement in the mid-Holocene by Austronesian-speaking rice agriculturists 
from Taiwan. Recently, several studies have shown that this model does not completely 
account for the complex current population structure in ISEA, and have highlighted the 
dramatic postglacial climate changes in the Late Pleistocene/Early Holocene as the 
driving force for population movements in the region. Therefore, this study aimed to 
conduct a comprehensive genetic analysis, combining mitochondrial DNA (mtDNA) and 
genome-wide data, to test these two partially competing hypotheses and, ultimately, to 
provide a better resolved picture of population movements in the region.  
The genetic analyses performed here revealed a clear signal of those two 
migratory events, though each one with different impact for the population gene pool. The 
extensive founder analyses of mtDNA control region revealed that the Late Pleistocene 
and Early Holocene were the key periods that shaped the mitochondrial diversity of ISEA, 
contributing to almost half of the lineages of the current gene pool. The results also 
showed that approximately 20% of present-day maternal lineages trace most likely to mid-
Holocene Neolithic dispersals from both Mainland Southeast Asia (MSEA) and South 
China, via Taiwan. The mtDNA founder clusters associated with the possible migratory 
events in the region were further analysed at higher resolution through complete 
sequencing. The phylogenetic analyses of the whole-mtDNA sequences confirmed the 
picture initially obtained: lineages belonging to mtDNA haplogroups B4a1a, B5b1c, F3b1, 
B4c1b2a2, N9a6, R9c1a and E dispersed in the Late Pleistocene and Early Holocene, 
most likely due to massive migrations triggered by climate change and sea-level rises; 
while lineages B4b1a2, F1a4a, Y2a1, D5b1c1, M7c3c and M7b3 most likely spread in the 
mid-Holocene from Taiwan. Notably, the results also revealed that all lineages that 
showed an “out-of-Taiwan” ancestry in ISEA trace directly to South China, where the 
putative initial spread of rice-agriculturists across SEA took place. The genome-wide 
analysis confirmed that SEA populations have a highly complex genetic structure, 
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translated in several layers of genetic admixture, most probably as a result of thousands 
of years of extensive gene flow and adaptations to new environments. The autosomal 
data revealed a remarkably consistent picture with the modern mitogenome patterns, 
showing a distinct genetic composition between continental and insular SEA. Overall, 
most of MSEA populations, with the exception of the Malays, have a mixed ancestry 
between South and East Asian populations. However, in the case of ISEA populations, 
they presented a very interesting complex genetic structure, with two clear distinct 
ancestral genetic patterns: the western populations evidenced ancestral components 
related to MSEA, whereas the genetic structure of the eastern populations is more 
consistent with an influx of Taiwanese/Philippine and Papuan populations.  
Altogether, this study offers not only new insights into the complex population 
genetic structure of Southeast Asia, but also new substantial genetic data for future 
population studies, namely for the evaluation of selection events and their contribution to 
the adaptation to differential environmental pressures across this geographical region.   
 
  




A compreensão dos padrões globais da variação genética humana é de interesse 
fundamental não apenas em estudos evolutivos e antropológicos, mas também no campo 
da investigação biomédica. Apesar do número considerável de estudos prévios, a história 
genética das populações do Sudeste Asiático (SEA), em particular das populações das 
ilhas (ISEA), ainda não se encontra completamente esclarecida. Durante décadas, o 
modelo mais amplamente aceite para a colonização de ISEA envolvia uma primeira uma 
colonização por volta dos 50.000-60.000 anos atrás, seguida por uma extensa re-
população em meados do Holoceno, por agricultores de arroz de língua Austronésia, 
oriundos de Taiwan. Recentemente, vários estudos têm demonstrado que este modelo 
não permite explicar totalmente a complexa estrutura populacional observada atualmente 
em ISEA, e têm apontado as dramáticas mudanças climáticas pós-glaciares no final do 
Pleistoceno/início do Holoceno como a força principal para os movimentos populacionais 
na região. Neste sentido, este estudo teve como objetivo efetuar uma extensiva análise 
genética, combinando dados mitocondriais (mtDNA) e autossómicos, de forma a testar 
estas duas hipóteses parcialmente concorrentes e, em última instância, fornecer uma 
visão integral dos movimentos populacionais que refletem a caracterização genética da 
região.  
A análise realizada revelou claros sinais da ocorrência dos dois eventos 
migratórios referidos, embora o impacto de cada um para o pool genético da população 
seja diferente. A extensa análise fundadora da região controlo do mtDNA revelou que o 
Pleistoceno Superior e o ínicio do Holoceno foram os períodos-chave que moldaram a 
diversidade mitocondrial de ISEA, contribuindo para quase metade das linhagens do pool 
genético atual. Os resultados também mostraram que aproximadamente 20% das 
linhagens maternas atuais encontram-se associadas a dispersões em meados do 
Holoceno, oriundas tanto do Sudeste Asiático continental (MSEA) como do Sul da China, 
via Taiwan. Os clusters de fundadores mitocondriais que foram associados com os 
possíveis eventos migratórios na região foram analisados com maior resolução por 
sequenciação completa. As análises filogenéticas das sequências completas de mtDNA 
confirmaram o quadro obtido inicialmente: as linhagens pertencentes aos haplogrupos 
B4a1a, B5b1c, F3b1, B4c1b2a2, N9a6, R9c1a e E dispersaram-se no final do Pleistoceno 
e início do Holoceno, muito provavelmente devido a migrações em massa 
desencadeadas pelas alterações climáticas e pelo aumento do nível da água do mar; 
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enquanto as linhagens B4b1a2, F1a4a, Y2a1, D5b1c1, M7c3c e M7b3 dispersaram-se 
muito provavelmente a meio do Holoceno, vindas de Taiwan. Notavelmente, os 
resultados também revelaram que estas linhagens associadas com a chamada migração 
“out-of-Taiwan” apresentam ascendência direta no Sul da China, região onde 
hipoteticamente a dispersão dos agricultores de arroz pelo Sudeste Asiático se iniciou.  
A análise da variação do genoma confirmou que as populações de SEA possuem 
uma estrutura genética complexa, traduzida em várias camadas de mistura, muito 
provavelmente como resultado de milhares de anos de extenso fluxo génico e adaptação 
a novos ambientes. Os dados autossómicos apresentaram uma imagem notavelmente 
consistente com os padrões mitocondriais modernos, revelando uma composição 
genética distinta entre as populações continentais e insulares de SEA. No geral, a maioria 
das populações de MSEA, com exceção dos Malaios, apresentaram uma ascendência 
partilhada entre populações do Sul e da Ásia Oriental. Já as populações de ISEA 
revelaram uma complexa estrutura genética muito interessante, com dois padrões 
genéticos ancestrais distintos: as populações ocidentais evidenciaram componentes 
ancestrais relacionadas com MSEA, ao passo que a estrutura genética das populações 
mais orientais é mais consistente com um influxo de populações Taiwanesas/Filipinas e 
Papuas.  
De um modo geral, este estudo fornece não só novas perspetivas sobre a 
estrutura genética populacional do Sudeste Asiático, mas também novos dados genéticos 
substanciais para futuros estudos populacionais, nomeadamente na avaliação de eventos 
de seleção e no seu contributo para a adaptação a diferentes pressões ambientais nesta 
região geográfica.  
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1. RECONSTRUCTION OF THE HUMAN POPULATION HISTORY 
 
Over the last decades many studies started to focus on the discovery and 
characterization of human genetic variation, due to its importance for reconstructing the 
human evolutionary history and for understanding the genetic basis of human diseases. 
The pattern of the human genetic variation is modeled by historical demographic events 
(including population size changes, admixture events, and migrations) and by genetic 
factors, such as mutation and recombination rates. Thus the study of the different patterns 
of human genetic diversity allows us to infer not only how human adaptation to new 
environments shaped variation in the genome, but as well its implications for the fields of 
functional genomics, pharmaceutical applications and medicine development. 
The advances in DNA sequencing techniques and the implementation of large-
data research tools led to significant developments in population genetic studies. An 
example is the research being conducted in Southeast Asia (SEA), where several studies 
have been contributing invaluable information for a better understanding of its complex 
prehistory. The majority of these studies only focused on either maternal (mitochondrial 
DNA; mtDNA) or paternal lineages (Y chromosome), but a few are beginning to provide 
high-resolution screenings of specific major lineages as well as dealing with genome-wide 
information. Nevertheless, the huge diversity of this geographic region calls for a much 
intensive systematic analysis at a high-resolution level. The aim of this work is to shed 
light on the SEA human genetic history, by performing a highly informative 
phylogeographic analysis of a large number of maternal lineages and by analyzing the 




1.1. THE STUDY OF HUMAN EVOLUTION 
 
Since early times researches have been attempting to comprehend the major 
questions regarding the origins and evolution of our species. Several fields have emerged 
to seek this quest, in particular, archaeology, climatology, linguistics, and anthropology. 
Taking advantage of their diverse scopes and research methods, the combination of 
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results gathered by those fields allows to obtain a comprehensive picture of the human 
population evolution [1]. More recently, a new field has emerged focusing the study of the 
population genetic variation. Genetic information provides a distinct way of viewing human 
evolution, since the modern human genome contains imprinted the effect of various 
evolutionary forces (expansions, bottlenecks and population migrations), in the form of 
altered gene frequencies which are transmitted along successive generations [2].  
 
 
1.1.1. Basic concepts of the genetic information 
 
1.1.1.1. DNA molecule 
 
The genetic information encoded in the nucleic acids, is essential for cellular life, 
and it is transmitted to the daughter cells during cell division. The Deoxyribonucleic Acid 
(DNA) is a double helix polymer constituted by two polynucleotide strands. The nucleotide 
unit comprises a nucleobase, a sugar, and a phosphate. The backbone of the DNA strand 
consists in a phosphate linked by phosphodiester bond to a sugar, known as 2-
deoxyribose, to which a base is attached (fig. 1A). The four bases found in DNA are 
classified as purines, double-ringed molecules called adenine (A) and guanine (G) or 
pyrimidines, single-ringed molecules named thymine (T) and cytosine (C). There is a third 
pyrimidine, called uracil (U), that substitutes thymine in Ribonucleic Acid or RNA 
molecules, and differs from thymine by lacking a methyl group on its ring .  
DNA is composed by ‘anti-parallel’ strands, which means that one strand is in the 
5′ to 5′ direction relative to the 
first strand. The two strands are linked together through a process known as hybridization, 
where the individual nucleotide pairs up with its ‘complementary base’, thus the adenine 
on one chain is always paired with thymine on the other chain and, likewise, guanine is 
always paired with cytosine (fig. 1B) [3, 4]. During cell division, the synthesis of new DNA 
molecules is called replication. In this process the two DNA strands separate and each 
one of them serves as template for the production of complementary DNA strands, based 
on the pairing of the complementary bases. In this way, two identical DNA molecules, are 
formed for each daughter cell [1].  




Figure 1. The structure of the DNA molecule. (A) Schematic representation of the DNA double 
helix. (B) Detailed structure of the DNA strands showing base pairing between pyrimidines 




1.1.1.2. Human genome organization 
 
The human genome is composed of nuclear DNA (nDNA) and mtDNA. The nDNA 
is present in the nucleus of the cell and is organized into chromosomes, which are dense 
packets of DNA embracing protection proteins called histones. The nuclear human 
genome has approximately 3.2 gigabases (Gb) and consists of 23 pairs of chromosomes - 
22 matched pairs of autosomal chromosomes and two sex determining chromosomes [1]. 
The sex chromosomes are either X,Y in males or X,X in females. On the other hand, the 
mtDNA is a small, multi-copy circular genome with only ~16.6 kb ( kilo bases) located in 
cell’s mitochondria [5].  
The genetic material in the chromosomes comprises a set of non-coding intergenic 
regions and coding regions. The intergenic regions, mostly very highly repetitive 
sequences, were in the past thought to be transcriptionally silent DNA and, thus, of no 
value. However, recent studies showed that these non-coding regions contain functionally 
important elements, such as promoters and enhancers. In fact, genome-wide based 
projects (for example the ENCODE, which will be discussed in more detail further in this 
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chapter) revealed that these regions may function not solely as DNA elements, but they 
can also be transcribed into non-coding RNAs, possibly with regulatory functions [6-9]. 
Additionally, contrary to the past accepted notion that non-coding DNA evolves largely 
free from natural selection, some non-coding regions are highly conserved, suggesting 
that they are under strong selective constraints (negative selection) [10-12]. 
The coding regions, known as genes, are composed of introns, usually non-coding 
but containing sites for control of splicing (the process responsible for the removal of 
introns from the mature mRNA), exons, which are the coding regions for specific amino 
acid sequences, and also regulatory sequences that regulate the expression of the gene. 
The genes are transcribed into complementary pieces of messenger RNA (mRNA); in this 
case only one DNA strand (sense strand) acts as template [4]. The mRNA migrates from 
the nucleus to the cytoplasm, where it is translated into protein according to a code of 
triplets of the DNA bases (C, A, T, G), called codons.  
 
 
1.1.2. Factors controlling genetic diversity 
 
The genetic diversity of a population, i.e., the frequency of the polymorphic genetic 
variants in a population, is affected by both natural selection and stochastic factors, such 
as mutations, recombination, migrations and genetic drift (random effects on allele 
frequencies). All these evolutionary forces affect both the genetic variation within 
populations and the genetic divergence between populations. Mutations, recombination 
and migrations (gene flow) may increase the genetic variation within populations, because 
they introduce new alleles to the population. Whereas, genetic drift may cause loss of 
genetic diversity, through fixation of alleles. Natural selection may either increase or 




Genetic diversity arises primarily with changes in the nucleotide sequence. All 
changes producing new alleles are by definition considered mutations. These can result 
from spontaneous errors in normal cellular mechanisms that regulate chromosome 
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segregation, recombination and DNA replication or from covalent changes in structure due 
to the action of environmental chemical or physical agents. 
Mutations can occur at a broad variety of levels, from single nucleotide 
polymorphisms (SNPs), through differences in sequence copy numbers, to large-scale 
changes in the structures of chromosomes, each at different rates and with different 
phenotypic consequences. At the smaller level, the different polymorphism throughout the 
human genome can be classified as sequences polymorphisms or length polymorphisms. 
The first, resulted from changes of one or more bases in a DNA sequence, while the 
second, resulted from insertions or deletions of one or more nucleotides. The length 
polymorphisms are more frequently observed in repetitive DNA, like microsatellite DNA, 
also widely known as short tandem repeats (STRs) [1, 13]. STRs are tandem arrays of 
repeat units of 1-7 bp in length, and those that have a useful degree of polymorphism 
have a typical copy number of 10-30 [1].  
 
1.1.2.1.1. Types of single nucleotide substitutions 
 
SNPs are the most common contributors for the genetic variation in the human 
genome. SNPs can be classified into transitions and transversions based on the type of 
nucleotide substitution. The first comprises the substitution between pyrimidine 
nucleotides (e.g., C for T), or purine nucleotides (e.g., A for G), while the term 
transversion refers to the alteration of a purine for a pyrimidine and vice-versa. Single 
nucleotide indels, the gain or loss of a nucleotide, are also considered SNPs [5, 14].  
The DNA substitutions in coding-regions can also be classified according to their 
effect on the protein. If a mutation changes the triplet codon into another that specifies the 
same amino acid, it is called a synonymous or silent substitution (though they are not 
always silent [15]). On the other hand, if it leads to the alteration of the amino-acid (usually 
substitutions at the second position and some at the first position of the codon) it is 
considered a non-synonymous mutation, and so, it can be subjected to natural selection 
[16]. The non-synonymous mutations are further classified into missense mutations, when 
it changes the codon to one that codifies a different amino acid from the previously 
encoded, and nonsense mutations, when it changes the codon into a termination codon 
(stop), leading to the premature ending of the translation process [15]. The indels 
occurring in exons also can change the protein: when in multiples of three (in-frame), by 
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the loss or gain of aminoacids; and, when not in multiples of three nucleotides, the reading 
frame is dramatically changed and the resulting protein is completely different.  
 
1.1.2.1.2. The rate of mutations 
 
 The rate of mutations is not uniform throughout the genome. For instances, coding 
or regulatory regions in the genome are usually less polymorphic than the non-coding 
ones, because of their biological function, and subsequent natural selection pressure. The 
knowledge of the rates of the different types of mutations (described above) is essential in 
evolutionary genetic studies; in the sense that, these rates can be incorporated into the 
evolution models used to interpret patterns of diversity within and between species, and 
be used as molecular clock (further discussed in 1.1.3) [1, 17].  
Methods for estimating mutation rates are preferentially based on a direct 
comparison of non-functional DNA sequences [1, 18], as for neutral mutations (with no 
effect on fitness), the mutation rate is expected to be equal to the rate of evolution. In that 
sense, the direct comparison of DNA sequences between species whose divergence 
times are known, can give an estimate of the mutation rate [1, 17]. The development of 
high-throughput DNA sequencing technologies have revealed that base substitutions, 
occurring at an average rate of the order of 10-8 per base per generation, are ~10 times 
more frequent than small indels [1]. Furthermore, there is a pronounced difference in the 
rate of base substitution between transitions and transversions, being the first almost 
three times more frequent than transversions (8.15-9 and 3.87-9 respectively [19]) [1]. 




Recombination is one of the key evolutionary processes shaping the human 
genetic diversity. Recombination involves the reciprocal exchange (or crossover) of 
genetic material between two homologous chromosomes in meiosis, during a process 
called synapsis [22]. The exchange of genetic information between paired chromosomes 
inherited from each parent, generates novel combinations of the existing alleles in the 
same DNA molecule, known as haplotypes. Therefore, recombination breaks the 
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haplotype present in one generation to yield a new haplotype in the next, increasing the 
haplotype diversity, which is extremely important to gain evolutionary advantageous 
combinations of alleles and to eliminate deleterious mutations in populations [1]. 
Recombination is becoming increasingly used in population genetic studies. Some 
SNPs, especially if they are close together in the genome, have higher probability of being 
transmitted linked, since the occurrence of recombination between them will be lower. 
This non-random correlation of alleles at two or more loci is known as linkage 
disequilibrium (LD). The study of the decay of LD (which will be further discussed in this 
chapter), is becoming a promising tool in human population genetic studies, allowing to 
map candidate genes/SNPs (i.e., genetic mapping) and to estimate time of admixture 




Another important factor that may increase the genomic variation in populations, 
by changing allele frequencies trough time, is the influx of genes from other populations, 
commonly called migration or gene flow (the outcome of a migrant contributing to the next 
generation in their new location) [1]. Sometimes, individuals from one population (source 
population) migrate and settle elsewhere (sink population), introducing previously non-
existing genetic variants in the receiving population, or increasing their frequency.  
Therefore, overall the migration has two major effects. On one hand, new alleles 
may arise in different populations due to rare mutational events, and these alleles can be 
spread to new populations by migration, thus increasing the genetic variation within the 
recipient population. And in another hand, migration prevents genetic divergence between 
different populations, because it tends to keep populations homogeneous in their allele 
frequencies, making the populations gene pools more similar [22].  
The magnitude of change due to migration depends on both the extent and 
demographic/cultural aspects of migration (namely, the gender of the migrants) and the 
difference in the allele frequencies between the source and the sink populations. For 
instances, different marital residence patterns in the populations (whether they are 
patrilocal - women move to the husband’s location; or matrilocal - the men move to the 
wife’s location), generates different patterns of diversity between mtDNA (female lineages) 
and Y chromosomes (male lineages) [1].  
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1.1.2.4. Genetic drift  
 
Genetic drift refers to changes in allele frequency that result from the random 
sampling of gametes from generation to generation in a population [2, 25]. The extent of 
change in allele frequency due to genetic drift is directly related to the effective population 
size (Ne, the equivalent number of those individuals who genetically contribute to the next 
generation in a population) [26]. In this sense, the chance effects are small in large 
populations, in comparison to the effects of other factors, such as gene flow and selection. 
Whereas, genetic drift can significantly affect the composition of small populations’ gene 
pool for multiple generations. 
Genetic drift may arise, simply because a population is kept small for a relatively 
long period of time due to limitations in food, space, or some other critical resource. A 
second way that genetic drift arises is through bottleneck, which is when a population 
undergoes a drastic reduction of effective size, and only few individuals survive (fig. 2) 
[26]. The small effective population size may also contribute to genetic drift trough a 
founder effect, consisting in the establishment of a population by only a small number of 
founder individuals. In that case, even if the population increases drastically, the gene 
pool diversity is limited to the one originally present in the founders (assuming no mutation 
or migration).  
 
Figure 2. The basic principle behind population dynamics of alleles. Each symbol represents a 
different allele in a population. The figure exemplifies the fixation and loss of alleles during a 
population bottleneck event, and the grey symbols trace back to a single common ancestor, 
demonstrating the coalescence theory (to be introduced in section 1.1.3). N represents the 
number of individuals in the population. Adapted from [26]. 
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Through random change, the allele frequency can undergo large fluctuations in a 
population, in an apparently unpredictable pattern, which may lead to new allelic variants 
to be either fixed in (reaching an allele frequency of 1.0, more rarely) or lost from 
(reaching an allele frequency of 0.0, more often) a population over time. This loss of 
genetic variation can only be restored by mutation or migration from another population. 
 
1.1.2.5. Modelling pre-existing genetic variation by natural selection 
 
Natural selection refers to the differential reproduction of individuals from different 
genotypes as a consequence of their different phenotypic characteristics. These fitness-
enhancing traits (that improve an individual’s chance of survival or reproductive success), 
are more likely to be passed on to the next generations, and therefore increase in 
prevalence in the population over time [1]. 
Natural selection may act in many different forms and with different intensities. The 
most common type of natural selection is the directional selection, in which an allele is 
favoured and so propagated (positive selection) or disfavoured and eliminated (negative 
selection, also called purifying selection) [27, 28]. The removal of deleterious mutations 
can also result in the occasional removal of neutral linked variation, a form of negative 
selection referred to as background selection. Genomic stretches under strong 
background selection, tend to be more conserved, with few, if any, non-synonymous 
mutations tolerated [28]. On the other hand, negative or purifying selection tend to be 
weaker for synonymous mutations with only mildly deleterious effects, allowing those 
mutations to accumulate at population level and to be maintained at a low frequency [29].  
Positive selection (also known as Darwinian selection) promotes the emergence of 
new phenotypes, as the new mutations are advantageous in a given environment, 
increasing the fitness of the individuals [28-30]. 
Multiple alleles may be maintained at a given locus if they are advantageous 
individually or together, due to the effects of balancing selection. This type of selection, 
favouring the maintenance of genetic diversity in a population, might happen because of 
heterozygote advantage (i.e., overdominance) or frequency-dependent selection [31]. 
Additionally, if the two alleles that are being maintained conduct to opposing phenotypes 
in the population instead of an intermediate phenotypic effect, these alleles are under 
diversifying or disruptive selection. Contrastingly, if the intermediate phenotypes are the 
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ones favoured, whether by balancing selection of codominant alleles or by positive 
selection of alleles that underlie intermediate phenotypes, the selective regime is known 
as stabilizing selection [27]. 
 
 
1.1.3. The neutral theory of molecular evolution and the 
molecular clock 
 
In 1968, Motoo Kimura formulated the neutral theory of molecular evolution [32], 
which claims that the majority of evolutionary changes at molecular level result from the 
random genetic drift of selectively neutral or nearly neutral mutations, rather than from 
natural selection [32, 33]. According to this theory, the majority of polymorphisms in the 
populations have little or no effect on fitness, so their fate (whether they are fixated or 
eliminated) is mostly determined by genetic drift. This theory does not reject the role of 
natural selection in cases of adaptive evolution, but assumes that only a small fraction of 
the molecular changes are adaptive. Furthermore, it predicts that in those few cases of 
selection, the prevailing mode is negative selection, instead of positive or balancing 
selection [1]. 
One of the most important outcomes of the neutral theory was the development of 
the concept of a molecular clock. The molecular clock was proposed by Emile Zuckerandl 
and Linus Pauling, in 1965, on the basis that the mutation rate for neutral mutations is 
relatively constant and equal among all organisms at all time, and therefore the rate of 
evolution is also approximately constant over all evolutionary lineages [34]. Accordingly, 
assuming that the degree of difference between the DNA sequences increases linearly 
with the time of divergence, if an absolute geological age (from archaeological evidences) 
is used as a calibration point of particular lineage divergence, then the mutation rate can 
be calculated, and, subsequently, all splits between different lineages traced on the tree 
can be dated [1, 34-36].  
The molecular clock has become an important tool in evolutionary biology to 
reconstruct population history, however several studies have shown that molecular clocks 
may vary in different organisms and, even within a single organism between different 
genetic systems or lineages. For instances, the molecular clock for mitochondrial DNA is 
- 13 - 
 
faster than that for the nuclear genome, and we will explore this property more extensively 
later [22].  
 
 
1.2. METHODS EMPLOYED TO STUDY HUMAN GENETIC DIVERSITY 
 
The current human genetic diversity mirrors the history of past human population 
movements and adaptation to new environments. By characterising extant human genetic 
diversity we may infer the past of the human species. There are several methods that aim 
to characterise genetic diversity. 
 
 
1.2.1. Inferring genetic distances 
 
By definition, genetic distances are statistics that measure the similarity between 
sequences/individuals/populations, providing information on their relatedness [1, 22].  
There are several methods to evaluate the genetic distance between two 
sequences or two populations (known as a pairwise distance). One of the most commonly 
used classical measure of genetic distance is FST. Working independently, Sewall Wright  
and Gustave Malécot  introduced, in the late 40s and 50s, the F statistics as a tool for 
describing the partitioning of genetic diversity within and among populations (population 
structure) [37]. Population structure can be caused by the non-random mating of 
individuals, for instances, in small or isolated subpopulations. This isolation, eventually, 
leads to the partial genetic differentiation in subpopulations, as they undergo different 
evolutionary forces (e.g. genetic drift) [1]. Therefore, the level of population structure is 
highly dependent of the size of the metapopulation (the one that includes the partially 
differentiated subpopulations); large populations among which there is extensive gene 
flow tend to show little differentiation, whereas small populations among which there is 
little gene flow tend to be highly differentiated [37].  
FST allow us to explore population structure by measuring the genetic 
differentiation among subpopulations. It is directly related to the total variance in allele 
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frequencies that occurs between subpopulations; in other words, it is directly related to the 
degree of resemblance among individuals within subpopulations relative to the entire 
population. This means that, if FST is small, then the allele frequencies within each 
population are very similar, most probably due to large amounts of gene flow between 
subpopulations; whereas if it is large, then allele frequencies are very different, which 
means that the subpopulations are highly differentiated [1, 37]. 
 
 
1.2.2. Phylogenetic inferences 
 
The field of molecular phylogenetics has become a powerful tool for population 
genetics studies. The main objective of phylogenetics is to establish the evolutionary 
relationship between species, organisms or genes, by constructing phylogenies or trees 
[26, 38]. Basically, phylogenetic methods compare the similarities between different 
genetic lineages, in order to reconstruct the evolutionary relationships between them, 
which is graphically represented as a branching diagram, or tree, with branches joined by 
nodes. Each branch represents a genetic lineage through time, and each node represents 
the beginning of new lineages [35]. In particular, in a population genetics context, the 
nodes represent the birth events of individuals who are ancestral to the sampled 
population. The phylogenetic trees representing the evolutionary history of genes are 
known as gene trees, whereas if the tree establishes the evolutionary relationship among 
species, it is designated as species tree. It is important to emphasize that gene trees do 
not necessarily show the same structure as the species tree, because evolutionary forces 
reflects differently in both trees.  
 
1.2.2.1. Key features of phylogenetic trees 
 
The phylogenetic trees can be unrooted or rooted (fig. 3). An unrooted 
phylogenetic tree only reveals the relationships between lineages, it does not identify the 
most recent common ancestor (MRCA), or the direction of the evolutionary process. In 
opposition, a rooted tree shows the evolutionary relationship between a group of related 
lineages over time, based on the identification of the MRCA. The tree can be rooted by 
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two different methods: i) it can be assumed that the root lies at the midpoint of the longest 
branch on the tree (midpoint rooting), or ii) it can be added a distantly related taxa 
(outgroup) [26, 38]. For example, the phylogenetic tree of humans is usually rooted by the 
addition of chimpanzee lineages.  
It is possible to establish three distinct types of relationship in a phylogenetic tree: 
i) if all lineages have a single evolutionary origin, they are called a monophyletic group; ii) 
if a group of lineages share the common ancestor but does not include all descendants of 
that common ancestor, it is considered a paraphyletic group; and iii) if the characters that 
support the phylogenetic group are not present in the MRCA, the group resulted from 
convergent evolution, and therefore they are designated as polyphyletic groups [38, 39]. 
 
 
Figure 3. Schematic representation of random phylogenetic trees. (A) An unrooted tree with five 
external nodes. (B) Hypothetical rooted tree that can be drawn from the unrooted tree shown 
in A.  
 
 
1.2.2.2. Phylogenetic tree reconstruction 
 
There are several methods to infer phylogenetic relatedness, the main distinction 
between them being correlated with the way in which the genetic data is converted into 
numerical data to be mathematically analysed. The main methods in phylogenetic 
reconstruction can be classified as distance or character-based methods.  
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1.2.2.2.1. Distance-based methods 
 
Distance-based methods employ an algorithm based on an evolutionary model, 
that converts sequence information into a distance matrix based on the number of 
differences between each pair of sequences in the dataset. The distance matrix is used to 
calculate the branch lengths connecting the sequences in the reconstructed phylogenetic 
tree. Distance based methods include unweighted pair group method using arithmetic 
averages (UPGMA) [40], neighbor joining (NJ) [41] and minimum evolution (ME)[42].  
The UPGMA is probably the oldest and simplest method used for reconstructing 
phylogenetic trees from distance data, and was originally developed for phonetics. It 
reflects phenotypic similarities rather than evolutionary distances, therefore it assigns 
equal weight on the distance and assumes a randomized molecular clock. UPGMA is 
relatively a simple and fast method, however it behaves poorly if the assumption of an 
approximately constant rate of evolution among the lineages does not hold [26].   
The NJ method is comparatively rapid and, generally, gives better results than the 
UPGMA method. NJ is the distance-based method most commonly used. It follows the 
minimum evolution concept, which means that it uses the least number of mutations 
required to obtain a given tree. The NJ starts by assuming that there is only one internal 
node from which all branches radiate in a star-like pattern, and calculates the length of the 
resulting tree. The algorithm sequentially examines all the possible pairs of neighbours, 
identifying the combination that yields the shortest tree. This process is repeated, 
introducing the shortest possible internal branches until the last pair is located, and the 
phylogenetic tree is reconstructed [26]. In the case of ME, as previously said, it seeks the 
tree with the minimum sum of branch lengths. ME fixates the internal nodes, by using the 
distance to external nodes, and then optimizes the internal branch lengths. A drawback of 
the ME method is that, in principle, all different tree topologies have to be investigated to 
find the minimum tree. Thus, although ME is more accurate (particularly for longer 
sequences) than the others distance-based methods, it is more time consuming than NJ, 
which generally yields very similar results .  
Distance-based methods allow to rapidly and easily analyse relatively large 
datasets, however they also have significant disadvantages. For instance, NJ only 
produces a single phylogenetic tree, which may lead to loss of information [43].   
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1.2.2.2.2. Character-based methods 
 
Character-based methods infer the most probable tree based on characters at 
each position in the sequence alignment. Maximum parsimony (MP), maximum likelihood 
(ML) and Bayesian inference methods constitute examples of character-based methods. 
In these methods, each sequence position is considered one at a time to obtain a score 
and these scores are computed to identify the tree that either represents the minimum 
number of changes for maximum parsimony, the likelihood value for maximum likelihood 
and the posterior probability for Bayesian analysis [43]. All of them imply a model of 
evolution. 
 
1.2.2.2.2.1. Maximum parsimony (MP) and Networks 
 
MP method reconstructs the phylogenetic trees based on the minimum number of 
character changes along its branches required to explain the observed states at the 
terminal nodes. The main advantage of MP method is also its main disadvantage, since 
the number of changes on each branch is used as diagnosable units for each clade and 
branch lengths. In fact, serious biases can be introduced when mutational rates differ 
between conserved and hypervariable regions and/or the evolutionary rates are highly 
variable among different lineages leading to the overestimating of the evolutionary 
relationship. In these cases, maximum likelihood methods are best to infer reliable 
phylogenies [43].  
Another issue when reconstructing parsimonious trees in human DNA 
phylogenetic analysis is the intraspecific short distance between individuals. Homoplasies 
(similar characters produced by convergent evolution) due to the occurrence of reversions 
(a character changes back to its previous state) or parallelisms (the same change 
occurred independently in two different taxa or groups of taxa), may create 
incompatibilities in the classical phylogenetic trees. In these situations, equally likely tree 
topologies, representing equally likely pathways of evolution, can be drawn from the same 
dataset. These loops within phylogenies (known as reticulations or cycles) can be 
represented in networks.  
Similarly to tree phylogenetic reconstruction, networks can be inferred by different 
methods, namely, reduced-median (RM) and median-joining (MJ) networks. RM networks 
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resolves the reticulations by removing the network’s least likely links from all the 
generated possible trees. The algorithm partitions the groups of haplotypes character-by-
character, employing parsimony and frequency-based criteria, allied to the knowledge of 
site relative mutation rate (relative weights to the mutations, based on their occurrence 
rates [44]). This approach is usually applied for small sample sizes, and when 
homoplasies are frequent (therefore often applied in human mtDNA variation studies). 
Since this type of network contains all the equally likely trees, it can assist in identifying 
sequencing artefacts, which manifest themselves in incompatibilities in network 
substructures [45]. The MJ network algorithm is less accurate, but it can handle larger 
sets of genetic data, as well as multi-state markers such as amino acid sequences [46]. It 
begins by selectively combining the minimum spanning trees into a single (reticulate) 
network. Few consensus sequences (median vectors) of three mutually close sequences 
at a time can be added to attain the most parsimonious [46]. 
 
1.2.2.2.2.2. Maximum likelihood 
 
Maximum likelihood methods examine different tree topologies and select the tree 
that maximizes the probability that a dataset fits the tree derived from that dataset, under 
a specified model of evolution. The ML algorithms search for the combination of branch 
lengths and evolutionary parameters that yields the highest likelihood score [39]. The ML 
inference is based on robust statistical foundations, which make this method a powerful 
tool for phylogenetic reconstruction. However, ML approach can be computationally very 
demanding, and therefore, it is limited to a relatively small dataset [26, 43].  
 
1.2.2.2.2.3. Bayesian inference 
 
Bayesian inference is also a likelihood method. But unlike ML, a further set of 
parameters (called priors) are input into the original model. The Bayesian inference 
produces a posterior probability distribution given the model of evolution, the observed 
characters in the dataset, and the specification of a set of assumptions (the prior 
probability distribution). All inferences concerning the parameters are then based on the 
estimation of the posterior distribution, mostly, using Markov Chain Monte Carlo 
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algorithms (MCMC algorithms). The MCMC is a computer simulation that generates a 
sample from a target distribution [35]. The Bayesian probability method is also computer 
intensive in constructing the phylogenies.  
 
1.2.2.3. Models of evolution  
 
Several substitution models of DNA sequence evolution have been proposed. 
These models assume that new mutations in the DNA sequences are completely 
independent from those previously existing [47], but differ in terms of the assumptions 
related with the rates of the nucleotide substitutions during evolution. The models of 
evolution are frequently used in molecular phylogenetic analyses, in particular in the 
Bayesian and maximum likelihood approaches to tree estimation.  
The most commonly used are the JC69 (Jukes–Cantor, 69) [48], the K80 (Kimura, 
80) [49] and the HKY85 (Hasegawa-Kishino-Yano, 85) [50] models. Both the JC69 and 
the K80 models predict equal frequencies of the four nucleotides, but the first assumes an 
equal substitution rate between any two nucleotides (whether pyrimidines or purines), 
whereas the K80 model accounts for the difference between the mutation rate for 
transitions (both purines/ pyrimidines) and transversions (from a purine to pyrimidine and 
vice-versa). The HKY85 model assumes that different sequence positions may evolve at 




Figure 4. Substitution models. The figure illustrates the differences in the substitution rate between 
the four nucleotides (arrow thickness) and the nucleotide frequency (size of the circles) in the 
three models: JC69; K80 and HKY85. From [35]. 
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There is a more complex model, the TN93 (Tamura-Nei, 93) model [51], which 
accounts for the difference between transitions and transversions, and differentiates the 
substitution among the different types of transition, i.e. purine and pyrimidine transitions 
[26, 35]. The most general neutral, independent and time-reversible substitution model for 
phylogenetic inference is the generalised time-reversible (GTR or also known as REV) 
model, firstly described by Simon Tavaré in 1986 [52]  The GTR model is the general time 
reversible model that allows all substitutions (e.g., the four nucleotides A, C, G, and T) to 
occur at different rates, assuming that these relative rates remain constant across the 
tree, and that the root base composition is in equilibrium [53]. 
 
1.2.2.4. Dating TMRCA 
 
The basic concept underlying the coalescent process is that, in the absence of 
selection, random lineages, at some point in history, trace back to a single ancestor, the 
MRCA. The MRCA represents the root of a phylogenetic tree, and therefore the 
estimation of the time to the root of a phylogeny, translates into the estimation of time of 
the MRCA (TMRCA) [26, 54].  
There are several methods to estimate the TMRCA, one simple method is to 
calculate the average number of mutations between a set of individuals and a specified 
common ancestor (a statistic method referred as rho (ρ)) [1, 55]. This is a relatively 
straightforward statistical approach, that does not account for the prehistoric demography 
and population structure affecting the molecular evolution, therefore it is called a “model-
free” statistical approach [47, 56]. It is important to stress out that since the ρ statistic 
requires an haplotype phylogeny, the correct specification of the phylogenetic topology is 
essential [47]. Another key feature in dating the MRCA is the generation time, which is 
essential to convert the date estimate from generations into years. The most commonly 
used generation time estimates used for modern humans tend to vary between 20 and 35 
years [1]. The methods of ML and Bayesian inference also allow to estimate TMRCA, 
given a specific mutation rate for the genetic region under analyses. ML also allows to 
specify different mutation rates for different portions of the molecule analysed in the 
phylogeny. Moreover, these statistical approaches allow the use of a relaxed molecular 
clock, which assume different rates for different branches, contrarily to a strict molecular 
clock tree, with the assumption of single rate for all lineages in the tree. The relaxed 
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molecular clock dating approach may offer better estimates of divergence times, since in 
many cases the assumption of rate constancy is violated. The use of relaxed molecular 
clocks is possible through MCMC approach that explore a weighted range of tree 
topologies and, simultaneously estimate the parameters of the chosen model of evolution 
[26, 57, 58]. 
 
 
1.2.3. Founder analysis method 
 
Recently, a phylogeographic approach named founder analysis was developed by 
Richards et al. [59] to study non-recombining DNA markers, with the purpose of identifying 
and dating the migration of lineages that moved into a new territory.  
The basic principle of the founder analysis is to subtract the genetic variation that 
has been carried by founders from the source population, during a migration/colonization 
event, to the diversity observed in the sink population. Therefore, only the genetic 
variation acquired after the colonization process is used to estimate the time since the 
migration event [60]. This approach formalized in the year 2000 built up on previous 
criticisms [61, 62] that “The average coalescence time of two sequences sampled from 
two diverging populations is, in general, older, or much older, that the split of the groups. 
Unless a group colonizing a new territory passes through a strong and long-lasting 
bottleneck, part of its initial diversity will be maintained [...]” [61].  
Taking this into consideration, Richards et al. [60] developed criteria that take into 
account the effect of both gene flow and recurrent mutation, reducing its confounding 
effects, namely criteria f0, f1, f2 and fs [59]. The f0 criterion considers every single 
candidate founder as a real founder, thus it is more prone to false estimates, due to 
recurrent mutations and possible gene flow back to the source. However, it may prove 
useful to obtain maximal estimates for the most recent migrations. In order to minimize the 
impact of recurrent mutation and back-migrations, the f1 and f2 criteria exclude 
sequences that result from parallel mutations. These criteria do not allow sequence 
matches at the tips of the source phylogeny, which means that the founders must have at 
least one (f1) or two (f2) derived branches in the source population. Another criterion, fs, 
was created to account for the variation in the frequency of founder cluster candidates in 
the sink population, since the probability of back-migration to the source is dependent on 
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the frequency of the cluster in the sink population. In common clusters, the chance that 
back-migration or recurrent mutation will be detected is higher than in rarer clusters, 




1.2.4. Interpolation maps 
 
In a simple way, interpolation methods are based on the assumption of spatial 
autocorrelation, which states that the distance and direction between sample points can 
be used to estimate values at unknown points of interested. The ground behind spatial 
interpolation is that, on average, values at points close together in space are more likely to 
be similar than points further apart [63].  
Several interpolation algorithms have been developed. One of the most widely 
used is the Kriging algorithm, which attempts to express trends suggested in the data, so 
that, for example, high points might be connected along a ridge rather than isolated by 
bull's-eye type contours [64]. Kriging is a very flexible method, thus it is very appropriated 
to create visually appealing maps from irregularly spaced data, such as sampled genetic 
data throughout a large geographical region. The genetic data can be displayed on maps, 
in the form of allele/haplotype frequencies within a population onto the geographical 
location of that population. In this sense, interpolation methods allow the integration of 
geographic information with genetic variation patterns, which is an interesting approach to 
assess the impact of the evolutionary processes that shaped the distribution of present-
day genetic diversity [1].  
 
 
1.2.5. Population structure methods 
 
In the last years, a variety of methods have been developed for the analysis of 
population structure. These new approaches aim to infer admixture events in the history of 
populations, as well as to estimate a range of gene flow parameters, including ages, 
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proportions, and origins [65]. The most popular approaches falls into two categories: 
based on discrete population admixture models; or based on multidimensional statistics, 




In methods based on admixture models, such as those implemented in the 
software packages STRUCTURE [67, 68] and ADMIXTURE [69], each individual is 
assumed to have inherited some proportion of its ancestry from one of several distinct 
populations (referred as Ks or clusters). The key goal of admixture-based models is to 
estimate these ancestry proportions and the allele frequencies of each population. 
STRUCTURE has been used as the standard clustering method, but as it is based on 
MCMC methods, it is highly computably demanding when using genome-wide data [67, 
68].  
Recently, computationally faster methods implementing a ML based algorithm, 
have been developed to infer genome-wide ancestry. These include software packages 
such as ADMIXTURE [69] and Frappe [70]. Similar to STRUCTURE, the ADMIXTURE 
program analyses the probability of observed genotypes using ancestry proportions and 
population allele frequencies [71]. Frappe, although far more computationally efficient than 
STRUCTURE, is less computationally efficient than ADMIXTURE [70, 71].  
 
1.2.5.2. Principal Component Analysis (PCA) 
 
Another approach to infer population structure is to employ multidimensional 
statistic methods, such as the PCA implemented in the program SmartPCA [68]. PCA is a 
very useful tool for genetic data analysis, especially in the study of human migration, since 
it has resolution at fine geographic scales [72].  
PCA can be thought as a statistical combination of a large number of 
measurements that accounts for the largest amount of variability in the data, which then 
are reduced to few principal components (PCs) that explain the main patterns [72]. It 
projects the individuals into a low-dimensional subspace in such a way that the locations 
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of individuals in the projected space reflects the genetic similarities among them [66]. 
Therefore, similarly to STRUCTURE, population-based PCA approach uses clusters 
representing discrete populations to establish genetic relationships among groups, 
however it is nearly as much computer demanding.  
 
1.2.5.3. Local ancestry analysis 
 
Global ancestry estimates, using programs such as the STRUCTURE and 
ADMIXTURE described above, are concerned only with estimating the ancestral 
proportions from each contributing population, averaged across the entire genome of an 
individual [73]. In the case of local ancestry estimates, the goal is to identify the ancestral 
origin of distinct chromosomal segments within an individual genome [69, 71]. This type of 
approach is especially useful in cases of admixed populations, because the genome of 
each individual is fragmented into shorter regions of different ancestry.  
Recently, local ancestry inference has become an important method in the genetic 
analysis of fully sequenced human genomes. One of the current methods for inference of 
locus-specific ancestral information, is the RFMix [74]. RFMix is an approach that models 
ancestry by dividing each chromosome into contiguous disjoint windows (by using the 
SNPs locations) and inferring local ancestry within each window by using large reference 
panels. Once the ancestries have been assigned to the windows within admixed 
chromosomes, they are used to establish the haplotype patterns in the ancestral 
populations [74]. A potential limitation for this type of approach is that it requires relatively 
large reference panels that are good proxies for the true ancestries of the admixed 
populations. This limitation is being overcome with the availability of complete genomes 
from across the globe, as the ones being generated by the 1000 Genomes project. 
 
1.2.5.4. Dating admixture through linkage disequilibrium decay 
 
Most methods for genome-wide analyses (as the ones mentioned previously) are 
based on patterns of ancestral proportions in the genome of admixed individuals or on the 
divergences in the allele frequencies, but these methods do not allow to infer the time that 
has elapsed since the admixture events. However, since break-up of LD by recombination 
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is time-dependent (section 1.1.2.1.2), in theory, it is possible to infer with some level of 
accuracy the date of admixture from the lengths of ancestry tracts, i.e., chromosome 
segments with recent migrant ancestry [1]. In another words, recombination breaks down 
LD, leaving a signature of the time elapsed since admixture that can be inferred by LD 
decay [65]. ALDER is one of the methods developed to estimate the age of admixture, 
based on the extent of LD decay [65]. 
ALDER computes the weighted LD statistic for making inferences about admixture 
proportions and dates, with fewer constraints on reference populations than other 
methods (e.g. ROLLOFF [75]). One interesting feature is that it has a statistical test for 
admixture, i.e., it automatically determines a minimum genetic distance at which to start 
curve fitting (to avoid confounding signal from background LD) [65]. The LD-based 
statistical tests, such as ALDER, use recombination, which means that there are some 
limitations to detect chronologically old admixtures due to the rapid decay of the LD curve. 
As a result, LD-based approaches in populations with long history of continuous gene flow 
over time, are likely to produce date estimates that are more recent than the actual 
initiation of admixture [65]. 
 
 
1.3. GENETIC MARKERS IN HUMAN POPULATION STUDIES 
 
The majority of the human genome is biparentally inherited and rearranged at 
each generation through recombination. However, two particular segments of the DNA are 
inherited from one parent only, and do not recombine: the mtDNA and the majority of the 
Y chromosome. The lack of homologous recombination results in the inheritance of these 
genetic systems as two haplotype blocks from one male (Y chromosome) or female 
(mtDNA) generation to the next, unless mutations occur [1]. These unique features make 
the uniparental genetic markers highly informative in terms of inferring population history, 
contributing for a better knowledge about the differences in female and male demographic 
patterns [76, 77]. Figure 5 illustrates the different patterns of inheritance between 
autosomes and the uniparental markers, mtDNA and Y chromosome.  
Another advantage of studying haploid markers lies in the possibility of estimating 
the temporal scale of events, thus distinguishing different layers of migratory waves with a 
relatively high level of resolution. However, despite the many applications of mtDNA and 
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Y-chromosomal analysis, they represent only two loci in the human genome, and their 
effective population size is only ¼ compared to the autosomes (only one copy of these 
molecules is passed on to the next generation per four copies of each autosomal 
chromosome). All this together makes these haploid markers more susceptible to bias, 
whether by chance (drift) or by design (selection) [78]. Therefore inferences made solely 
based on haploid markers may not reflect the entire population history. In this sense, the 
analysis of whole genomes assumes an important role to provide a larger picture of the 
variation in the human genome.  
 
Figure 5. Transmission patterns of human genetic inheritance from recombining autosomal genetic 
markers and uniparental markers, Y chromosome and mitochondrial DNA. Adapted from The 
Genographic Project (genographic.nationalgeographic.com). The paternal lineage (NRY) 
passed from father to son is represented in the blue line; the maternal lineage (mtDNA) 
passed from mother to both daughter and son is represented in the pink line. 
 
 
1.3.1. Human mitochondrial DNA 
 
1.3.1.1. General organization 
 
The mtDNA is organized in nucleoids within mitochondria. This organelle, present 
within all nucleated mammalian cells, is critical to the homeostasis of the cells. The 
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number of mitochondria varies considerably according to cell type and energy-request. 
Thus, cells in need of a lot of energy, such as muscle cells, contain thousands of 
mitochondria, each containing 2-10 mtDNA molecules, while other cell types may contain 
only a few hundred [79, 80]. The mtDNA copies can be all identical (homoplasmy) or a 
genetic variation can occur in a given percentage (heteroplasmy) within the cells [79]. 
Mitochondria are thought to descend from free-living bacteria that established an 
endosymbiotic relationship with proto-eukaryotic cells around 1.5 billion years ago. MtDNA 
preserved several of the original bacterial genome features, such as circular DNA 
molecules, the absence of histones, and for example, some differences in the genetic 
code (as previously discussed) [81]. The human mtDNA is a small circle double-stranded 
DNA molecule, with only 16,568 base pairs. The first complete human mitogenome was 
sequenced and published in 1981, and is referred as the “Cambridge Reference 
Sequence” or CRS [82]. Later in 1999, a revised version of the CRS, in which several 
sequencing errors were corrected, was published and renamed as the rCRS (revised 
Cambridge Reference Sequence) [83].  
In terms of structure, the human mtDNA is constituted by a heavy strand (H-
strand) containing a greater number of guanine bases, and a light strand (L-strand) rich in 
cytosine bases (fig. 6). Unlike nDNA, the mtDNA is extremely compact, with the coding 
region reaching approximately 93% of the total sequence. The human mtDNA contains 37 
mitochondrial genes (28 on the H-strand and nine on the L-strand with no introns) that 
encode 13 proteins participating in the oxidative phosphorylation pathway, two ribosomal 
RNAs (rRNA) and 22 transfer-RNA (t-RNA) genes involved in the mitochondrial protein 
synthesis [5]. The mtDNA sequence of some genes (e.g. ATP6 and ATP8) overlap and, in 
other cases, the genes are contiguous or separated by just one or two non-coding 
nucleotides [82]. Apart from the extensive coding region, a segment with regulatory 
function (~1.2 kb), forms a non-coding region, referred as control region or D-loop (i.e. 
displacement-loop), extending from positions 16,024 to 576 [5]. The control region 
contains two hypervariable regions (HVRI and HVRII) ranging from positions 16,024-
16,383 and 73-340, respectively, with a higher mutation rate than the rest of the molecule. 
This mtDNA region has been extensively used in population genetic studies, due to its 
high discriminating power. 
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Figure 6. Schematic human mtDNA. The H-strand is represented by the outside line and the 
L-strand the inside one. The abbreviations in the figure correspond to: ND1-6: NADH 
dehydrogenase subunits; COXI-III: Cytochrome c oxidase subunits; ATP6 and ATP8: 
subunits of ATP synthase; and cyt b: Cytochrome b. The non-coding control region, 
representing a stranded D-loop, is shown in more detail at the top of the figure.  
Adapted from [5]. 
 
 
1.3.1.2. mtDNA unique features: mutation rate and mode of inheritance 
 
The mtDNA mutation rate is not uniform throughout the molecule, with comparative 
low rate in the coding region, and a considerably higher rate in the control region 
(especially in HVRI and HVRII). Mutation rates have been the focus of several studies that 
employed different methods, including family pedigree [84, 85] and human phylogeny 
approaches (either limited to HVR region [55], or including the overall coding region [86] 
or just based on synonymous mutations in the coding region [87]). Substitutions rates 
have also been estimated with distinct calibrations points, such as the divergence 
between chimpanzees and humans [86, 87], and estimated date of human phylogeny 
(branching points in the tree) calibrated with archaeological, biogeographic and/or climatic 
information [88-90].  
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In the last years, studies have shown the importance of selection (more precisely 
purifying selection) on the mtDNA genome [91]. Purifying effect leads to the decay of 
nonsynonymous mutations over time, meaning that younger branches in the mitochondrial 
phylogeny will have a higher proportion of non-synonymous mutations than older 
branches, which may result in an overestimation of the age of younger lineages. 
Therefore, the use of an average molecular clock over all mtDNA positions may be 
inadequate.  
Taking in consideration the fact that the mutation rate is time-dependent in the 
mtDNA, Soares et al. [91] estimated the effect of purifying selection on the coding region 
of more than 2.000 mtDNA complete genome sequences, and proposed an improved 
molecular clock for dating the whole human mtDNA genome, incorporating both coding 
and non-coding regions. The new improved mtDNA molecular clock was calibrated 
without any prior assumptions on intraspecific calibration points and against recent 
evidence for the time of the Homo-Pan split, and as expected, the estimated coalescent 
times showed that the more recent branche ages obtained with the previous linear 
mutation rates were slightly overestimated. For the complete mtDNA genome, an estimate 
of 1.665×10-8 (±1.479×10-9) substitutions per nucleotide per year (i.e., one mutation every 
3624 years) was obtained. The rate of synonymous mutations was also estimated, and 
corresponds to one substitution every 7884 years.  
In addition to the high mutation rate (overall ten times higher that of the nDNA), 
mtDNA has a unique mode of inheritance, another valuable feature for evolutionary 
genetic studies. As mentioned before, it is maternally inherited as a single unit from 
generation to generation. This lack of paternal transmission could result from either (i) the 
dilution effect, because the unfertilized egg contains ~100,000 mtDNA molecules, (ii) the 
removal of the sperm mtDNA by ubiquitination or (iii) the occurrence of a “mtDNA 
bottleneck” excluding the paternal alleles [92]. There was only one example identified of 
paternal transmission, possible due to failure of the mechanism for recognition of paternal 
mitochondria [93]. Since, in general, the mtDNA is inherited uniparentally, through the 
maternal germ line, both females and males inherit their unchanged mtDNA (excluding for 
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1.3.1.3. mtDNA phylogeography 
 
Due to the high mutation rate of mtDNA, the variants accumulate fast enough 
amongst different geographic locations, making this genetic system a powerful and widely 
used tool for studying demographic events and migratory occurrences [79]. The mtDNA 
haplotypes are classified in different groups, sharing the same point mutations, 
designated by haplogroups [94]. The nomenclature of the haplogroups follows the 
branching structure of clades and subclades within the tree: haplogroups are initially 
designated with capital letters and the derived subclades are named intercalating lower-
case letters with numbers. Additionally, the star symbol (*) is used to define members of a 
haplogroup that do not belong to a defined sub-clade [94]. 
Early studies have appointed an African origin of the mtDNA molecule, and the 
human population itself. In 1987, Cann et al. [95] with a worldwide population study 
introduced the “Mitochondrial Eve” concept, which argues that all present-day mtDNA 
traces back to an unique ancestor who lived in Africa, probably around 200 thousand 
years ago (ka). In light of this concept, since mtDNA is maternally inherited, the variation 
present in the mtDNA derives from an unique African female ancestral lineage, which 
should not be confused as an unique living individual, but an ancestral population. mtDNA 
phylogenetic patterns showed that when populations started to growth and expand, 
mutations started to accumulate in the mtDNA lineages that colonized different 
geographic regions, to a point where haplogroups became continent-specific. 
As shown in figure 7, the oldest branches in the mtDNA tree are restricted to 
African lineages, in fact, the first six splits in the mtDNA tree define diverging strictly sub-
Saharan African branches (L0-L6) and the one that harbours Africans and all non-Africans 
branches (L3). The rare African lineages found in Europe, West Asia and America have 
been mostly associated with human trade during the Roman times, Arab conquests and 
Atlantic slavery [96, 97]. Haplogroup L3 arose, mostly likely, in east Africa where it 
dispersed in situ. In the late Pleistocene (~60 ka) carriers of L3 made their way out of 
Africa, giving rise to all non-African mtDNA diversity which is affiliated in M and N super-
haplogroups. The number of non-African macrohaplogroups can, however, be extended to 
include a third one within the daughter-clade haplogroup N, named haplogroup R. 
Macrohaplogroups M and N (including R) gave rise to several subclades with a specific 
geographic distribution. Haplogroups U, HV, JT, N1, N2 and X are frequently found in 
North Africa, Europe and Southwest Asia; and haplogroups A, B, F, O, P, S, T, M and Y 
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are widespread in Asia, Oceania and Native American populations [49]. Interestingly, 
Asian haplogroups A, B, C and D are considered the pioneers who populated the 
Americas through a migration across the Beringia Strait [94]. 
 
Figure 7. Schematic global simplified human mtDNA phylogenetic tree. Adapted from [98]. 
 
 
1.3.1.4. Dispersal of the first modern humans 
 
Recently, with the development of high throughput technologies, the sequencing of 
complete mitogenomes has become common, allowing to obtain a better resolution than 
the one obtained only by sequencing the complete control region. Complete mtDNA 
studies confirmed that African populations present a higher genetic diversity than non-
African populations, as a result of their longer genetic history. On the other hand, non-
African populations, present a “star-like” phylogeny, suggesting a recent bottleneck event, 
and subsequent strong population expansion [99]. These conclusions have been 
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considered the foundation stones of the out-of-Africa hypothesis. According to this 
hypothesis, the first modern humans arose in Africa around 200 ka. After ~70 ka, with the 
climate improvement, the humans populations started to grow, and expanded from sub-
Saharan Africa to the rest of the world, interbreeding to a certain extent and largely 
replacing other existing populations/species as Neanderthals in Eurasia. Several out-of-
Africa routes have been proposed, but two have received more support: a northern 
migration route through the Levant, towards Europe and Asia, around 45,000 years ago; 
and a southern route, from East Africa, through the south coast of the Arabian Peninsula 
towards Asia, around 60,000 years ago [100]. Theoretically, the first modern humans 
could have spread in several directions simultaneously, however, the southern coastal 
route towards the east appears to be sufficient to explain the existing mtDNA variability, 
not only in North and Southeast Asia, but also in Oceania [101].  
The phylogeography of mtDNA variation - and also Y chromosome variation (that 
will be discussed further) - supports this single successful exit from Africa, most probably 
after the Toba eruption (~74 ka) [101]. There is archaeological evidence that older out-of-
Africa migrations occurred, namely through the Levant, but these were not successful in 
leaving descendants till the present [102]. There are three main mtDNA evidences 
supporting the out-of-Africa unique successful migration. First, all non-African mtDNA 
lineages descend from two haplogroups M and N, which diverged from sub-Saharan L3 
lineages, most probably in India and the Gulf region, respectively [101]. Second, the new 
improved molecular-dating techniques estimated the origin of L3 within Africa around ∼60-
70 ka (thousand years ago) [90] and a close coalescent time for its non-African daughter 
clades M and N (60 to 50 ka) [91], which suggests that most probably all the mtDNA gene 
pool outside of Africa had an origin on a single rapid out-of-Africa migration event [90, 
103]. And third, different geographic regions of South, East and Southeast Asia, and 
Australia harbour different lineages descending directly from the root of the basal non-
African branches M, N and R. The same goes for the Near East and Europe, who also 
present specific N and R mtDNA lineages, but do not harbour the M lineages [104-113]. 
This further support that out-of-Africa founders dispersed along the south coast of Asia, 
reaching Southeast Asia and the Pacific around 60 ka, and only later reached Europe, 
carrying only two of the founders, N and R [97, 114].  
After the out-of-Africa, the Eurasian founders have undergone substantial 
demographic change and additional migrations, particularly, in the Late Glacial and 
postglacial periods. For instances, the majority of the present-day European mtDNA 
haplogroups appear to descend from Palaeolithic pre-agricultural populations and only 
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minor lineages were brought by later-expanding farmers. This suggests that after the 
African exodus, during the cold periods (Last Glacial Maximum – LGM, and Younger 
Dryas) the Palaeolithic populations took refuge in southern refugia, and later, with the 
climate improvement, re-populated Europe. The re-expansion of populations from the 
Franco-Iberian refugial areas led to the dispersal of common European mtDNA lineages 
H1, H3, H5 , V and U5b, whereas the descendants of the inhabitants from the Italian 
Peninsula and the East European Plain lead to the spread of the maternal lineages U5b3, 
and U4 and U5a, respectively. European haplogroups I (within N1a1b), J, T and W also 
appear to have been carried by Palaeolithic populations that expanded from Near Eastern 
glacial refuges [115-121]. The later spread of agriculture and pastoralism from 
southeastern Europe into central Europe and the Mediterranean, appear to have resulted 
into indigenous dispersals carrying some of these Palaeolithic lineages (e.g., several 
haplogroup H subclades) [122]. Another important demographic event was the peopling of 
the Americas probably at the end of Pleistocene, in which populations from Asia (Siberia) 
dispersed through the Beringia Strait into the New World, carrying with them the four 
major pan-Americans haplogroups A, B, C and D, and one minor North American 
haplogroup X [94, 123]. 
The mtDNA analysis is a powerful tool to estimate biogeographical ancestry at a 
broad geographic level. But this genetic system only accounts for the maternal variation in 
the populations, thus it might not reflect the complete population history. Therefore, it is 
important to complement the studies based on mtDNA variability with other markers, such 
as Y chromosome and autosomal data [79].  
 
 
1.3.2. The Y chromosome 
 
1.3.2.1. General organization 
 
The Y chromosome is the third smallest chromosome within the human genome, 
with approximately 60 Mb. The complete sequencing of the human Y chromosome was 
published in 2003 [124]. The Y chromosome contains five distinct types of sequences (fig. 
8): heterochromatic, X-transposed, X-degenerate, ampliconic and pseudoautosomal 
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regions (PAR), these last recombine with X chromosome homologous regions, and are 
located at the extreme termini of the Y and X chromosomes [125, 126]. 
The non-recombining region of the Y chromosome (NRY), recently renamed as 
MSY (male specific region), accounts for 95% of the Y chromosome’s total length [5]. The 




Figure 8. Schematic Y chromosome with the heterochromatin and pseudoautosomal regions 
identified. Adapted from [126]. 
 
 
1.3.2.2. Mode of inheritance and mutation rate 
 
Similarly to mtDNA, the Y chromosome is an haploid marker inherited through the 
paternal line. The NRY, usually, passes intact from generation to generation, descending 
as a single locus, in a way that the haplotipic diversification occurs through the 
accumulation of mutations in time, preserving a simple record of their story. Furthermore, 
the effective population size of the NRY is equivalent to that of the mtDNA, which means 
that in a population it represents one quarter of that of any autosome, and one third of the 
X chromosome. Because of this reduced effective population size, the Y chromosome 
genetic variation is more susceptible to genetic drift that modifies the frequencies of 
different haplotypes, especially in small populations. The increased genetic drift also leads 
to large population clustering and further differentiation of NRY SNP loci, rendering the Y 
chromosome one of the most geographically informative loci in the genome [1]. 
The Y chromosome has become a useful haplotype system in studies of human 
migration and evolutionary history, through the identification and characterization of 
microsatellites or STRs, and bi-allelic markers (SNPs) [126]. Microsatellites or STRs in the 
human Y chromosome are highly polymorphic between individuals, making them very 
useful in the forensic field for individual identification. In the case of Y-SNPs, they have a 
similar mutation rate to the autosomal SNPs, approximately 10-8 per base pair per 
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generation, which is considerably slow compared to the Y-STRs [127]. Because of their 
low mutation rate, each SNP is consider an unique and independent event in evolution. 
Therefore, the study of SNPs in the Y chromosome allows to easily reconstruct their 
phylogenies, providing invaluable information regarding male large-scale population 
dynamics [128, 129]. The higher mutation rate of Y-STRs, makes them very useful to 
determine intra-haplogroup diversity and to attribute age estimates to MRCA, however 
there is considerable uncertainty in STR mutation rates estimated through pedigree and 
phylogenetic methods. The pedigree mutation rate yields an average of 2.0x10-3 per 
generation, while the evolutionary mutation rate is estimated to be approximately 2.6x10-4 
per generation for the same STR loci [127, 130]. One possible reason for this difference is 
that pedigree methods detect new mutations which are lost through genetic drift in 
populations, thus not been detected in the phylogenetic methods [131].  
 
1.3.2.3. Y chromosome phylogeography 
 
Two decades ago, several researchers started to study, in parallel, the binary Y 
chromosome polymorphisms, in many different populations to characterise paternal 
genetic patterns and to make inferences on human evolution, ethnic affiliations and 
general demographic history. In order to deal with the constant increase in the number of 
Y-SNPs, the Y Chromosome Consortium (YCC) developed a universal nomenclature 
system for the human Y chromosome tree, publishing the first highly resolved 
phylogenetic tree of binary Y chromosome haplogroups in 2002 [132]. The phylogenetic 
structure was determined by comparing homologous MSY of closely related species (e.g., 
chimpanzees, gorillas and orangutans), which provided an outgroup for the tree rooting, 
thus allowing to determine the likely ancestral state for human polymorphic sites [133]. At 
that point, the phylogenetic tree, was based on 245 Y-SNPs, defining a total of 153 binary-
defined haplogroups. The major clades of the phylogenetic tree were represented by 18 
haplogroups, starting with the haplogroup A, and then in alphabetical order until letter R 
[134].  
The Y chromosome parsimony tree was later updated by Karafet et al. [128] (fig. 
9), comprising 599 binary markers. The Y tree has been maintained ever since, in the 
interactive Webpage “snpreferencedatabase” (http://www.snp-y.org/), to avoid 
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nomenclature problems, and to validate the application of the Y-SNPs in population 
studies.  
The overall Y chromosome haplogroup distribution is phylogenetically well 
structured. Haplogroups A and B are the oldest branches, the first mostly present in 
hunter-gatherer populations of Ethiopia and Sudan, while haplogroup B is more frequently 
found in Pygmies [78]. The major DE and CF branches contain the remaining non-African 
Y-chromosome haplogroups (C to T). Haplogroup D presents the highest frequencies in 
Tibet and Japan, and is also found throughout Central and Southeast Asian regions, while 
its sister clade E is highly frequent in African populations, as well in some Mediterranean 
and European populations. Haplogroup C is found in Asian, Oceanic and Australian 
populations, and one of its subclades, C3b, is restricted to Native American populations 
[128, 133]. Haplogroup F is the ancestral of the remaining G to R clades: paragroup F* 
and haplogroups F1 to F4 and H are restricted to Asia populations; G appears with more 
frequency in the Caucasian region, the Near East and in the Mediterranean areas; I 
lineages are restricted to Europeans populations, contrary to its sister clade J, which is 
frequent in the Near East, North Africa, Europe, Central Asia, India and Pakistan [135]. 
Haplogroup K is the last major branch of the Y chromosome tree, encompassing 
haplogroups K to T: K lineages are widely distributed all over the world but at low 
frequencies; haplogroup L is mainly found in the Indian Subcontinent, and, occasionally, in 
European populations, especially in Mediterranean countries; haplogroup M presents 
highest frequencies in Oceania and Eastern Indonesia; haplogroup N is found in Northern 
Eurasia, probably originated in the south of Siberia; O is the most predominant 
haplogroup within the region of East and Southeast Asia; clade PQR encompasses 
lineages belonging to minor frequency haplogroup P found in Caucasus and India, 
haplogroup Q, found in Europe, Northeast Asia and in the American continent, and 
haplogroup R mainly found in Europe [133]. The last two haplogroups newly defined by 
Karafet [128] are haplogroup S and T (previously denominated K5 and K2, respectively), 
the first is frequent in Oceania and Indonesia; and the latter is found at low frequencies in 
the Near East, Africa and Europe [128].  
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1.3.2.4. Y chromosome evidences of the out-of-Africa 
 
Similarly to the mtDNA, the global phylogeographic distribution of Y chromosome 
haplogroups is consistent with an African origin of the modern human species, thus 
supporting the out-of-Africa hypothesis, with all non-African haplogroups deriving from the 
sister-clade B [126].  
Though there is substantial uncertainty in dating Y chromosome, it is estimated 
that MRCA of all extant human MSYs lived during the interglacial period approximately 
between 130 to 90 ka (nicknamed as the Y-chromosomal Adam). Around 50 to 40 ka, the 
out-of-Africa event took place.  
After the initial settlement of Eurasia, it appears that small groups of modern 
humans, holders of the founders C, F and K clades, started to split into several isolated 
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groups, developing region-specific genetic variants [78]. At the end of the LGM, with the 
improvement of the climate conditions, populations started to expand from glacial refuges 
in Franco Cantabria and East Europe and/or Balkans regions, carrying with them several 
clades, as R1a and R1a1 [136]. The beginning of the Neolithic in the Near East, was 
another main impulsion for the demographic expansion, leading to de dispersal of several 
lineages within I, G and J2 haplogroups [78, 137]. 
 
 
1.3.3. The autosomal nuclear genome 
 
1.3.3.1. General organization 
 
The human karyotype contains 22 pairs of autosomes (non–sexual 
chromosomes), that can be identified by their size, banding pattern and centromere 
position. They are organized from the largest (chr 1) to the smallest (chr 22), with the 
exception of chromosome 21, which is, actually, shorter than chromosome 22 (fig. 10) [1].  
 
Figure 10. The human karyogram. Adapted from The International HapMap Project 
(http://hapmap.ncbi.nlm.nih.gov/karyogram/gwas.html). The chromosomes are arranged by 
size. Normal human cells (except gametes) contains two copies of each autosome.  
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1.3.3.2. Mutation rate 
 
The average mutation rate for autosomal SNPs was estimated to be approximately 
2x10-8 per generation, which means that the probability of the same change occurring 
twice independently is very unlikely [138]. This is an important feature in genetic studies, 
because it allows to infer human ancient history, but it is not so informative in terms of 
recent history. Since random evolutionary forces affecting two distinct populations cause 
differences in the variant frequencies, these differences might be very useful to infer, for 
example, the probable origin population of a group of individuals [1].  
 
1.3.3.3. Development of genome-wide analysis 
 
A landmark event in nDNA analysis was the release of the first nearly complete 
sequence of the human genome in 2004 [139], under the initiative of the Human Genome 
Project (HGP) initiated in the 1980s [140, 141]. By early 2000, other large-scale genetic 
projects were established, such as the Human Genome Diversity Project (HGDP) [142] 
and the HapMap [143]. The HGDP, with a more anthropological view, intended to 
describe the global human genetic variation, therefore providing a database for research 
on human genetic migratory history [144]. On the other hand, the HapMap project, started 
as an international group involving United Kingdom, United States, Canada, China, Japan 
and Nigeria, with a biomedical approach and aiming to describe common genetic variation 
in human populations [143]. The HapMap took advantage of the non-random association 
of common variants found on large chromosomal sections (LD) to map disease genes 
[145, 146]. Taking into consideration the LD, it became possible to catalogue human 
genetic variation by genotyping specific SNPs in each haplotype region of the genome.  
Other recent genotyping projects for the characterization of human genomic 
variation, include the Encyclopedia of DNA Elements (ENCODE)  [7, 147] and the 1000 
Genomes Project [148]. The ENCODE Project was established with the goal of identifying 
all functional elements in the human genome sequence. In order to achieve that, regions 
of transcription, transcription factor association, chromatin structure and histone 
modification, have been systematically mapped at high resolution, providing new insights 
into the organization and mechanisms of gene regulation [147]. The 1000 Genomes 
Project was the first project to sequence the genomes of a large number of people, with 
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the goal of developing a comprehensive resource of human genetic variation across 
worldwide populations. This project set out to find most genetic variants that have 
frequencies of at least 1% in the populations studied, which so far belong to five super 
populations: African; European; Admixed American; East and South Asian [148, 149].   
This big amount of information available on worldwide human diversity led to the 
design of SNP chips (mainly commercialized by Affymetrix and Illumina), that contain 
thousand and millions of SNPs distributed along the genome, allowing its characterization 
in a single assay [150]. Together all these large-scale projects and technologies fomented 
the development of advanced molecular biology techniques, such as linkage 
disequilibrium studies, and more recently, genome-wide association studies (GWAS), 
which enable researchers to use common genomic variants to map multiple genes that 
influence common complex traits [151].  
 
1.3.3.4. Genome-wide data in population studies 
 
With the advance of new sequencing methods autosomal data has become a 
powerful tool in population genetics studies. Early autosomal DNA studies were 
concentrated on the analysis of STRs or microsatellites [152]. Although STR studies 
provided some important insights into human population history [153-155], they have been 
largely replaced by genome-wide SNP studies.  
Genome-wide data provides information of many independent loci, and so, it offers 
more reliable insights into population history. Genome-wide SNPs are particularly useful 
for inferring past population demographic history, such as population size changes, 
migration events, as well as the effect of selection on human adaptation to new 
environments and the overall genetic structure of admixed populations [24, 156]. In 
particular, the level of admixture within the population is important not only in evolutionary 
studies [153, 157, 158], but also in the discovery of disease-associated genes [159, 160].  
In the last years, several population studies started to emerge taking advantage of 
the bioinformatics methods that have been developed to harness genome-wide data and 
to infer demographic population events (discussed in 1.2.5). Studies based on genome-
wide variation in populations from all over the world showed that individuals from the 
same or close populations evidenced similar ancestry proportions. In particular, Li et al. 
[161] demonstrated that it is possible to detect correlation between genome-wide variation 
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and local environmental and/or phenotypic variation, so that genetic structure is detected 
not only between different continents, but also among sub populations within continents 
(fig. 11A). Moreover, the results supported the out-of-Africa model of modern human 





Figure 11. Patterns in human population structure. (A) Global ancestry inferred with the maximum 
likelihood based frappe software, using seven inferred ancestral groups. (B) Maximum 
likelihood tree, with the sub-Saharan African populations located nearest to the root. (C) 
PCA statistics from 1,387 Europeans, showing a close similarity between the genetic and 
geographic map of Europe. Illustration A and B are from [161] and C is from [162].  
 
 
The study performed by Novembre et al. [162], revealed the potential of using 
genome-wide data in combination with extensive geographic sampling, for characterizing 
the genetic structure at high resolution on a local scale. These authors used PCA to 
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reconstruct the genetic variation in Europeans. The results showed that, though 
Europeans show little overall genetic differentiation between populations, they display a 
surprisingly correspondence between genetic variation and geography within the 
continent. In fact, the results of this study provided a two-dimensional genetic map of 
Europe that almost overlapped with the geographic map itself (fig. 11C). 
These results are part of a long line of studies using large-scale human genome 
databases, aiming to unravel new insights into population structure. The few genome-wide 




2. SOUTHEAST ASIA POPULATION PREHISTORY 
 
2.1. GENERAL FEATURES OF SOUTHEAST ASIA 
 
Southeast Asia represents the subregion of Asia that is geographically situated 
south of China, east of the Indian subcontinent and northwest of Australia. It comprises 
the countries extending from Myanmar to Indonesia (with the exception of West Papua). 
The most significant geographical division has been between two main regions, roughly 
defined as Mainland Southeast Asia (MSEA) and Island Southeast Asia (ISEA). MSEA, 
also known as Continental Southeast Asia or Indochina, includes the countries of 
Myanmar, Thailand, Laos, Cambodia, Vietnam and Peninsular Malaysia. The region of 
ISEA, also referred as Maritime or Insular Southeast Asia, comprises the countries in the 
maritime region of SEA, namely, East Malaysia, almost all of Indonesia (excluding West 
Papua), Brunei, Singapore, East Timor, Christmas Island and Philippines. Although 
Taiwan is sometimes consider as part of ISEA [163], throughout this thesis I will refer to 
Taiwan separately. 
In terms of biogeography, SEA can be divided by the so called Wallace’s line, into 
two regions with distinct biotic contexts, namely Sunda and Wallacea (fig. 12) [164]. The 
Wallace’s line can be seen as a deep-water channel that marks the southeastern edge of 
the Sunda shelf which links Borneo, Bali, Java, and Sumatra underwater to MSEA. In the 
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same way, Australia is connected by the Sahul shelf to New Guinea [163, 165, 166]. The 
Sundaland region, since it corresponded to a mainland extension of dry land existent in 
the Late-Pleistocene, has typically continental Asian biota, whereas the region of 
Wallacea, which has never been linked to the mainland, and was only populated by 
organisms capable of crossing the straits between islands, presents a considerably 
impoverished island biota [167].  
Another possible division used in biogeography is within the Sunda shelf itself, and 
represents the separation between the Indochinese and Sundaic provinces, the first 
includes MSEA (excluding the Malay Peninsula), South China and Taiwan, and the 
second corresponds to the ISEA part of Sundaland, the Malay Peninsula and Palawan in 
the Philippines [168, 169].  
 
 
Figure 12. Map of Southeast Asia and Taiwan. It shows both the modern coastlines (dark shading) 
and the 120-m depth contour below sea level (light shading), indicating the extent of 
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2.1.1. Climate changes at the end of Ice Age and the 
drowning of Sunda shelf  
 
The region of Southeast Asia contains a wide topographical diversity, with coastal 
plains, highlands and river valleys throughout all the region. This region harbours a 
tremendously diverse natural vegetation, such as tropical rainforests, savannah 
woodlands and grasslands, montane forests, and many other types of vegetation [170, 
171]. SEA vast biodiversity is attributed, in part, to the region’s geographic position in the 
humid tropics, its history of dramatic landmass changes, and its habitat division [170].  
In the Late Pleistocene, SEA was subjected to multiple oscillations of warmer and 
colder periods. During the longer cooler glacial phase around 15,000 to 25,000 years ago 
(LGM), the sea levels were considerably lower, about 120 meters below the present value 
[172]. With the climate warming at the end of Ice Age, the immense glaciers that covered 
the northern hemisphere melted away, leading to three major episodes of sea level rise. 
The first from 13,500 to 15,000 years ago, followed by the a second flood around 10,000 
to 11,500 years ago, and, probably, a third one in the Holocene about 7,000 to 8,000 
years ago [165, 173-175]. The rise of the sea levels end of the LGM had a profound 
impact in the region, with the loss of almost half of the land area of the continent of 
Sundaland, and a concomitant doubling of the length of the coastline, which ultimately 
resulted in the current maritime division between MSEA and ISEA. These changes, most 
probably, trigged drastic population displacements in the region, and it probably had an 
important impact, in particular, on the development of the maritime culture and sailing 
technology seen in Sunda populations [165, 172, 176].   
 
 
2.1.2. People and languages  
 
Traditionally, SEA populations used to be divided into the so called Negritos and 
the Mongoloids (noteworthy, the term mongoloid is now considered pejorative by most 
anthropologists). The Negritos, with a characteristic dark skin and small stature, are found 
within SEA in the Philippines and Malaysia (Semangs). The Negritos are hunter-
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gatherers, and their Australoid physical features are considered residual elements of the 
first Australo-Malenesian settlement [163]. 
According to the most common view, the light-skinned Mongoloid populations 
encompass almost all the populations in Southeast Asia. Southern Mongoloid 
Austronesian speaking peoples are the ancestor of most present-day ISEA populations, 
whereas mainland populations are descendants of Southern Mongoloid Austroasiatic 
speakers, who gradually expanded southward [163, 177]. In terms of physical features, 
the Mongoloids are generally short or medium stature with a yellowish skin. These two 
population groups often intermixed to give rive to phenotypically intermediate populations, 
such as the Senoi from Malaysia [163]. The majority of Mongoloid populations practice an 
agriculturalist mode of life, however, some Mongoloid populations in Sumatra and Borneo 
practice a hunter–gatherer lifestyle. According to Bellwood, these Mongoloid populations 
are probably farmers who went back to the forests [163]. 
There are four main language families spoken in Southeast Asia: Austronesian, 
Austroasiatic, Tai-Kadai and Sino-Tibetan. The distribution of these language families is 
shown in figure 13. The Austronesian language is by far the most common language in 
ISEA. It is also spoken in the north coast of New Guinea, the islands in the Pacific and 
from Madagascar to the east of the African continent. In fact, it is the language family with 
the widest distribution in the world,  estimated to comprise nowadays up to 1,200 
identifiable languages [177-179].  
 
Figure 13. Ethnolinguistic distribution in Southeast Asia. Source [177]. 
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MSEA shows a more complex linguistic pattern. The major group of languages 
belongs to the Austroasiatic language family, comprising about 150 separate languages, 
spoken by Vietnamese, Cambodians, and some hill peoples of Northern Myanmar, Assam 
and Laos. Its speakers also include most of Malay and Nicobarese aboriginals. The 
Austroasiatic family also comprises the Munda languages from eastern regions of India, 
such as Bihar [177]. The third most common language family is the Tai-Kadai, which is 
widely spoken in Thailand, and by some populations in Myanmar and the lowland region 
of Laos, north Cambodia, Vietnam and Malaysia. Languages from the Tai-Kadai language 
family are also spoken in certain borderland regions of China. The last common language 
family is the Sino-Tibetan, to which the Chinese language belongs to. One of its major 
language branches is the Tibetan-Burman, spoken by the lowland Burmese and certain 
hill groups in Myanmar and neighbouring mainland countries, such as Southern China, 
India and Bangladesh [163, 177]. 
 
 
2.1.3. Cultural transformations in South China and Taiwan 
 
Early archaeological evidences of rice farming discovered in Neolithic sites in 
Guangxi, Yunnan, and Chongqing shed some light on the origin, development, and 
dispersal of early rice agriculture in southern China [180, 181]. Subsistence evidences 
suggest that, between 10,000 to 16,000 years ago, hunting and gathering was the major 
food-seeking strategy in Southern China [182]. Hunted animals included pigs, deer, birds, 
and riverine food resources, such as fish, freshwater turtles, and shellfish. There were 
also evidences of some seeds and few rice remains [181].  
This cultural picture started to gradually change in the Neolithic Southern China 
(7,000-9,000 years ago) due to the development of a sort of food producing subsistence 
system. This subsistence system was marked by the increasing rice cultivation in an 
undomesticated form and the initial domestication of pigs and chickens; however, 
evidences suggest that various aquatic and non-cultivated forest plants (e.g., water 
caltrop, lotus and oak), along with wild animals, were still important food resources of the 
prehistoric societies in this phase [181, 183]. The increasing number of sites dating to this 
time frame, in the middle and lower Yangtze basin, indicate rapid population growth in the 
region. It has been suggested that the population increase along with the local absence of 
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raw materials for manufacturing stone tools led to the development of structured 
exchange systems [180, 181, 183]. The same cultural transformations emerged in 
Taiwan, where the number of local middle Neolithic sites multiplied considerably. 
Agriculture became well developed and lithic and jade stone artefacts were exchanged 
extensively in Taiwan Strait [181, 182, 184]. 
Around 4500-5500 years ago social structures and settlement patterns in the 
middle and lower Yangtze basin changed dramatically, becoming more hierarchical and 
complex. This shifting to intensive social and cultural development and population growth 
resulted in the full blossom of agriculture in Fujian/Taiwan and southwest China, that 
subsequently led to the second phase of population outflow, this time into MSEA and 
ISEA [181, 182]. The cultural expansion from Taiwan into northern Philippines and ISEA 
marked the spread of Austronesian languages, and in opposing direction, the spread of 
farming into Northern Vietnam and Thailand was accompanied by the dispersal of the 
Austroasiatic languages [185, 186]. 
 
 
2.2. POPULATION MOVEMENTS IN SOUTHEAST ASIA  
 
The complex history of SEA populations is often framed by an initial settlement of 
Australo-Melanesian peoples out of Africa, followed by a second wave of inhabitants from 
East Asia, including Southern China and Taiwan, during the agricultural expansion of the 
Neolithic. Although, most studies of the populations movements in the region tend to focus 
primarily these two widely accepted migrations, in the present thesis the main proposed 
population movements in the region of SEA are further described in a chronological order. 
  
 
2.2.1. Initial settlement of SEA by modern humans   
 
The arrival time and migration route of the first modern humans in SEA from Africa 
is still controversial [91, 187-189]. There are two main opposing models for the initial 
peopling of SEA. In the first model, modern humans dispersed from Eastern Africa across 
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the Red Sea reaching SEA around 50,000 to 60,000 years ago [90, 190-192]. The 
proponents of the second model argue that there was a much earlier dispersal of modern 
humans from Africa, sometime before the eruption of Mount Toba in Sumatra (~74,000 
years ago) [187, 188, 193].  
The first model (the most widely accepted one), supports a single rapid wave of 
migration around 50,000 to 60,000, via southern route leading firstly, to the initial peopling 
of SEA and Sahul, and subsequent peopling of all of East Asia [194]. According to this 
model, the first settlers remained close to coastal habitats due to the abundance of marine 
food resources (fish, sea birds, sea mammals, etc.), water supplies, and raw materials for 
stone-tool manufacture [191, 195]. An increase of populations may have triggered the 
need for early humans to move from one coastal location to another towards east along 
the coastline, reaching Sahul 45,000 to 50,000 years ago.  
One logical assumption for the time of expansion of the first modern humans, is 
the palaeoenvironmental context at that time, characterized by climate shifts between 
colder and warmer phases. The warmer and moister climate phase opened a green 
passage between Arabian Sea and the Zagros corridor, making it favourable for humans 
to expand from the arid deserts in Central Asia and northern Africa [100, 194]. There is 
also evidence of an inland savannah corridor throughout Sundaland around 45,000 to 
60,000 years ago [175]. Another important aspect is that during the colder phases, 
because of the extended polar ice caps, the global sea level was considerably lower than 
it is today, enabling humans to easily cross water obstacles, or, even migrate via land 
bridges. For instance, around 65,000 and 70, 000 years ago, the widest strait in SEA that 
populations had to cross en route to Sahul (nowadays between Timor and Australia) was 
only 170 km [194].  
Archaeological and palaeontological evidences have also been interpreted to 
support that initial settlement was under way by 50,000 to 60,000 years ago. Remains of 
the early pioneer settlement of SEA were found in Borneo and Australia, at the Niah Cave 
and Lake Mungo, respectively, dating more than 40,000 years ago [196, 197]. The same 
goes to the north, in East Asia, where remains of modern humans were found in the 
Tianyuan Cave dating 42,000– 39,000 years old [198]. More recently, remains of a human 
cranium were found in the Tam Pa Ling‘s cave, meaning Monkey Cave, in Laos, dating 
46,000 to 63,000 years ago [199], and a small-bodied hominin found in the Callao Cave, 
provided the oldest evidence for the presence of early modern humans on the island of 
Luzon, as early as 67,000 years old [200].  
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2.2.2. Postglacial population movements  
 
The climatic changes at the end of the Ice Age have been consider major triggers 
for prehistoric migrations of modern humans in SEA [165, 172]. During the last glaciation, 
the sea fell by up to 120 m below its present level, which opened up a vast low-lying area 
comprising MSEA and western ISEA (fig.12). However, the climate improvement at the 
end of the LGM, and subsequent rising of the Holocene Sea covering massive areas of 
lowland SEA, forced the hunter-gatherers living in the region to disperse and adapt to the 
new environmental conditions.  
These disastrous events, most probably, had a catastrophic impact on the 
populations living in the region. Hunter-gatherers dispersals at the end of LGM have been 
associated with records of the Hoabinhian industry (that contain flaked, cobble artefacts), 
found in, mainly, south MSEA dating around 18,000 years ago, and in Malaysia and 
Sumatra at least 13,000 years ago. Interestingly, there is a gap in the archaeological 
assemblages in ISEA between 30,000 to 8000 years ago. The possible reason for this, is 
that, most likely, during that time populations were living on the coast near marine food 
resources. During the flood episodes, the coastal areas were drowned erasing the traces 
of human activity [163, 165].  
 
 
2.2.3. Nusantao Maritime Trading Network hypothesis 
 
The term “Nusantao” was proposed by Wilhelm Solheim [201] to designate the 
maritime-oriented natives (and their descendants) of Southeast Asia and coastal regions 
of China, Japan, Korea and Pacific. Solheim argues that the Nusantao people are 
associated with the spread and development of the Austronesian language, as the result 
of a very widespread complex trading and communication network within the last 10,000 
years ago, covering the coastal areas of the Bay of Bengal and the Indian Ocean as far as 
Madagascar, and insular and continental SEA and the coastal areas of the China Sea and 
Japan. Solheim's concept of the Nusantao Maritime Trading and Communication Network 
(NMTCN) consists of Proto-Austronesian, Malayo-Polynesian and non-Austronesian-
speaking seafaring populations continuously mixed genetically, culturally and linguistically 
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in a trade network, which was responsible for the cultural similarities in the Asia-Pacific 
region [176]. Solheim divided the NMTN into four geographic “lobes” of part of East Asia, 
SEA and Oceania (fig. 14). The four lobes are: the Northern Lobe, the Western Lobe, the 
Eastern Lobe and the Central Lobe.  
The Northern Lobe comprises the trade network extending from northern SEA, 
including Taiwan and South China, to coastal Korea and eastern Japan, dating to at least 
6,000 years ago [202]. The close prehistoric cultural relationship between populations of 
coastal Japan and Korea, and the people of SEA, has been supported by both physical 
anthropological, linguistic and archaeological evidences. The specific type of features 
shared in the dentition of all these populations (namely the Sundadont dentition pattern) 
[203, 204], and the several archaeological artefacts found widely dispersed throughout 
northern SEA (South China in particular), Korea and western Japan, suggesting a 
continuous network of population movements [202]. Similarly to these archaeological 
evidences, Solheim also suggested that some Austronesian elements, especially the ones 
related to rice agriculture vocabulary, were also brought north by Nusantao travellers, 
driven by the development of agriculture. 
The Western Lobe of Solheim’s Nusantao concept represents the wide region 
extending from western Indonesia and Malaysia, throughout the coastal region of India 
and Sri Lanka to the west coast of Africa and Madagascar. Archaeological evidences 
suggest that this trading network started at least 4,500 years ago, based on specific 
earthenware vessels found throughout MSEA. The Eastern Lobe of the NMTN extends 
from the Moluccas throughout the Pacific, as far as Easter Island. This component is 
divided into two smaller lobes, an Early Eastern Lobe and a Late Eastern Lobe. The 
former ranges from the Moluccas in eastern Indonesia through the northwest region of 
Melanesia. The later, includes the Moluccas eastward to Wallacea and throughout the 
Pacific Ocean (except a large region of the coast and interior of New Guinea) [176]. The 
trading network probably started around 4,000 years ago. The spread of the Lapita 
cultural complex has been portrayed as a successful example of a NMTN in the Pacific. 
According to Solheim, this characteristic geometric dentate-stamped pottery seems to 
have appeared in Vietnam before 4,000 years ago, and later was brought to the Bismark 
archipelago by Nusantao traders [176].  
At last, the Central Lobe is also further divided into two smaller lobes related to the 
phases of cultural spread: the Early Central Lobe - considered the homeland of the early 
NMTN - and the Late Central Lobe [176]. The Early Central Lobe was located in the 
eastern coast of Vietnam around 11,000 years ago, prior to the development of the 
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Austronesian language. These early Nusantao people spread to the Late Central Lobe 
around 7,000 years ago, where the Austronesian family language was developed. 
According to Solheim, the NMTN people speaking a Proto-Austronesian language spread 
both to Philippines via ISEA, and to Taiwan via South China. These last were isolated 
from the neighbouring populations, and consequently developed their distinct 
Austronesian languages. This linguistic process did not interfere with the development of 
the Malayo-Polynesian Austronesian language branch in ISEA. 
 
Figure 14. Map of the geographic division of the four lobes of Solheim’s Nusantao Maritime 
Trading and Communication.  
 
The technologically advanced Nusantao people, with large maritime capabilities, 
were able to adapt and incorporate new elements from the cultures they came in contact 
with, and developed a successful network of trade and communication; the Malayo-
Polynesian language became part of the culture spread by the Nusantao traders in its 
expansions. Around 5,000 years ago the Nusantao people spread towards Micronesia in 
order to form the Early Eastern Lobe, and later spread west towards Malaysia continuing 
along the coast of India and Sri Lanka up to the western coast of Africa and Madagascar; 
and over time, further eastward towards into the Pacific as far as Easter Island [176]. 
Contrastingly, the opposite Bellwood’s theory formulates that the Austronesian language 
spread from Taiwan to Philippines and from there eastward and westward to ISEA and 
Pacific. Aside from the origin of the Malayo-Polynesian language, the main difference 
between Bellwood’s and Solheim’s theories, is that the former suggests a linear 
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expansion, while the later suggests a reticulated network of expansions all overlapping the 
geographical area of the Late Central Lobe (which includes the Philippines). 
 
 
2.2.4. The two-phased Neolithic dispersal hypothesis   
 
Anderson’s view of the linguistic and archaeological evidences related to the late 
Holocene colonization of ISEA, supports a process of “neolithicization” in the region, 
involving two phases of dispersal at different times and possibly of different character, 
proposed as Neolithic I and Neolithic II (fig. 15) [205]. The Neolithic I represents an earlier 
dispersal from the southwest, starting within the region of South China and then through 
Thailand and Vietnam, and reaching Borneo via Malaya, seen in basket or cord-marked 
ceramics dispersed throughout the region, dating at least 4,500 to 5,000 years ago. This 
expansion has been associated also with the dispersal of Austroasiatic languages [185, 
206]. The Neolithic II refers to the hypothetical “out-of-Taiwan” migration, associated with 
the dispersal of Austronesian languages [178]. It led to the expansion of farming and the 
characteristically red-slipped pottery in the Philippines and elsewhere in the eastern ISEA, 
and later into Malaysia and Vietnam [205, 207]. The widely accepted out-of-Taiwan model 
is going to be discussed in more detail in the next section.  
 
Figure 15. Schematic representation of the Neolithic I and II reticular pattern. Adapted from [205]. 
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2.2.5. The Neolithic farming/language dispersal hypothesis: 
the Austronesian dispersal in ISEA 
 
Over the last decades, the theories/hypotheses concerning the colonization of 
ISEA, have been dominated by variants of the Austronesian dispersal hypothesis [185, 
186, 207-210]. This theory, along with other models for the spread of certain languages, 
such as the Bantu across sub-Saharan Africa [211, 212] or the Indo-European across 
Eurasia [213], represents an example of a proposed global phenomenon so called the 
farming/language dispersal hypothesis [208, 214]. According to this hypothesis, the main 
factor behind the spread of many of the major language families was the development of 
agriculture. The subsequent increase of population density, led to demic expansions of 
farming populations along with their language and culture [185].  
In the case of the Austronesian language hypothesis, also called, the “out-of-
Taiwan” (OOT) model, Neolithic farmers dispersed from mainland South China to Taiwan 
and thence to ISEA and the Pacific, carrying with them a new material culture and the 
precursor of the Austronesian languages that are spoken in the region nowadays [185, 
215, 216]. The OOT cultural package included agricultural technologies, such as domestic 
rice and animals (pigs, chickens and dogs), and other Neolithic traits, such as pottery and 
polished stone adzes [185, 208]. It has been proposed that these advanced technologies 
would probably enabled the Austronesians speakers to colonize and, to some extent, 
replace pre-existing groups of hunter–gatherers occupying ISEA [185, 216]. 
 
2.2.5.1. Linguistic evidences of the OOT 
 
As previously mentioned, the Austronesian language family comprises the 
languages most widely spoken throughout ISEA. The OOT model mainly relies in the 
linguistic differentiation within the Austronesian language family tree, to establish the 
Neolithic population movements in ISEA and Pacific [217] (fig. 16). The standard structure 
of the Austronesian language family tree is very hierarchical, with bifurcations 
corresponding to inferred movements from Taiwan, where it is found at higher diversity 
(the Proto-Austronesian homeland, where nine of the 10 putative primary branches are 
found) through western ISEA (where several languages of the Western Malayo-
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Polynesian branch are spoken) and eastern Indonesia (where a sub-branch emerged, the 
Central Malayo-Polynesian). The migration continued east across northern New Guinea 
(where languages of the Eastern Malayo-Polynesian branch emerged), and finally into the 
Pacific (evolving into the Oceanic languages, including Polynesian and Micronesian) 
[217].  
The direction and structure of the Austronesian language tree, with all the primary 
branches, but one, spoken only amongst Taiwanese aborigines, and the tenth Malayo-
Polynesian branch giving rise to all of the remaining non-Formosan Austronesian 
languages spoken throughout the region, places Taiwan as the point of origin for the 
Austronesian language family [178, 209, 216-218].  
 
Figure 16. Structure of the Austronesian language family tree phylogeny according to Blust (1995) [217]. 
 
 
Recent studies have shown that the Austronesian language family structure is not 
as hierarchical as previously assumed; it is rather flatter at multiple levels [214, 218, 219]. 
Blust’s reconstruction of the Austronesian language tree relied on shared innovations in 
inherited linguistic features to define phylogenetic subgroups. The number of shared 
innovations validates the Malayo-Polynesian branch as subgroup, but the same does not 
apply to the Western Malayo-Polynesian branch, because though its languages show the 
Malayo-Polynesian innovations, they do not show unique innovations relative to Malayo-
Polynesian languages assigned to the Central/Eastern Malayo-Polynesian branch [218]. 
Therefore, in the new phylogeny of the Austronesian language tree, the Western Malayo-
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Polynesian branch ceases to exist as a separated group; instead several individual 
branches radiate from Proto-Malayo-Polynesian branch, including the Eastern Malayo-
Polynesian branch (Central Malayo-Polynesian node also ceases to exist) (fig. 17).  
The Proto-Oceanic branch also suffered some alterations: instead of showing the 
hierarchical structure expected under the OOT model, the Oceanic language structure is 
flat and rake-like, suggesting a multi-directional expansion with point of origin in the 




Figure 17. Structure of the Austronesian language family tree phylogeny according to the most 
recent studies [218, 219]. 
 
The Bayesian phylogenetic analysis of Malayo-Polynesian lexical data supported 
the OOT model, dating the origin of proto-Austronesian approximately at 5230 years ago 
in Taiwan, and the development of the Malayo-Polynesian branch somewhat within the 
last 4,500 to 3,000 years ago [215]. Bellwood also dated the branches in the Austronesian 
language tree by correlating them with the split of Austronesian-speaking populations. 
Based on this dating method, the Proto-Austronesian dates around 5,500 years and the 
Austronesian around 4,500 years [163].  
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2.2.5.2. Archaeological and archaeobotanic evidences of the OOT 
 
Archaeological records have been interpreted to chronologically reconstruct the 
direction and the cultural components of the Austronesian expansion. Assemblages 
containing the typical Neolithic Austronesian speakers cultural package have been found 
throughout South China, Taiwan, ISEA and the Western Pacific dating 6,000 to 3,500 
years ago. Moreover, the estimated ages of the archaeological records evidence a north-
to-south geographic distribution pattern, in which the excavated sites with the earliest 
findings were found in China, Taiwan and Luzon, and progressively later, in Indonesia and 
Pacific (Fig. 18) [222-224]. Therefore, the evidences of cultural material, specially pottery, 
have been used as chronological markers for the sequential Neolithic migration starting 
around 6,000 years ago from South China to Taiwan, later on to Philippines around 4,500-
4,000 years ago, to eastern Indonesia around 4,000–3,500 years ago, and thence across 
the north of New Guinea (largely excluding mainland New Guinea) to the Bismarck by 
~3,500–3,300 years ago, and to the Melanesian islands of Solomon and Vanuatu by 
around 3,000 years ago [222-226]. 
 
Figure 18. Summary of the Austronesian dispersal model (out-of-Taiwan hypothesis). 
 
The earliest archaeological evidences of the Neolithic culture in Taiwan dates to 
around 6,000-5,500 years ago, presumably carried by Pre-Austronesian speaker  farmers 
moving from mainland China across the Formosa Strait. The archaeological assemblages 
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of Taiwanese Tapenkeng culture, characterised by cord-marked globular pots with carved 
everted rims and polished stone adzes, resemble those from excavated sites in southeast 
coast of mainland China (Fujian and Guangdong), comprising potsherds decorated with 
carved lines, impressed semicircles and stamped dentate patterns inside incisions [207]. 
Evidences of agriculture in Taiwan, based on rice and pollen vestiges, dated to 5,000 
years ago. This time frame also fits the development of the Proto-Austronesian language 
[209].  
The Taiwanese assemblage most similar to the early Philippines and Indonesia 
pottery belongs to the Yuanshan culture, one of the regional complexes that differentiated 
from the Tapenkeng culture between 4,500 and 3,000 years ago. The Yuanshan pottery 
consists in globular vessels, some of them with strap handles and ring feet. In this culture, 
the pottery is, usually, painted with reddish brown pigment either incised or 
punctuated/stamped, and there is no evidence of the initial cordmarking [227]. Based on 
these unique characteristics, that are also found in the earliest pottery assemblages in 
Philippines and Indonesia, the Yuanshan culture has been proposed by Bellwood (and 
widely accepted by the archaeological community), as the immediate ancestor culture of 
the Neolithic cultures in ISEA [227, 228]. 
Archaeological assemblages containing plain or red-slipped pottery similar to the 
one of the Yuanshan culture, as well as imprints of rice shells, found in several excavated 
sites throughout Philippines and ISEA, dating to 4,500 – 3,500 years ago, suggest that the 
agriculture was underway ISEA, from Taiwan, by at least 4,000 years ago, and probably 
earlier [229, 230]. During that time frame, the Proto-Austronesian language differentiated 
into the Formosan branches (spoken only in Taiwan) and the Proto-Malayo-Polynesian 
branch as populations dispersed to Philippines, and later on divided into several branches 
of Western and Eastern Malayo-Polynesian, as Neolithic farmers reached the Indonesian 
archipelago [209].   
By 3,500 years ago, agricultural Austronesian speakers took two different routes, 
one heading west towards Java, and reaching certain regions of MSEA (in Vietnam and in 
the Malaysian Peninsula), by 1,500 years ago. Vestiges of the Neolithic quadrangular and 
pick adzes, that are related with early red-slipped pottery sites in the Philippines, were 
found in East Java [163]. During that time, other Austronesian-speaking populations 
headed east towards the Pacific, settling as far as Easter Island, taking with them the 
precursor of the Lapita pottery present in Melanesia by 3,500 years ago [231]. The 
development of the Lapita culture was marked by the gradual disappearance of red-
slipping in the pottery assemblages. Instead the Lapita earthenware pottery was coiled or 
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slab-built vessels often decorated with a complex range of dentate-stamped motifs. There 
was also a shift from rice cultivation towards other cereal and tuber crops [231]. Lapita 
assemblages, containing not only the distinctive geometric dentate-stamped pottery, but 
also other artefacts, such as ground-stone adzes and obsidian flaked-stone tools, were 
found in coastal excavated sites from the Admiralties to Samoa, suggesting that this 
cultural technocomplex arose, most probably, somewhere within the Bismarck 
Archipelago, and scattered over a large area into to previously uninhabited Pacific Islands, 
about 3,500 – 3,000 years ago [216, 222, 231, 232].  
 
2.2.5.3. The inconsistencies/ limitations in the integrated perspective 
of the OOT 
 
The Austronesian dispersal has been proposed as an archetype of the 
farming/language dispersal hypothesis, with the associated linguistic replacement, genetic 
clines and Neolithic packages. The theory suggests that rice agriculturalists dispersed 
from Taiwan into the Philippines and Indo-Malaysia and, after largely bypassing New 
Guinea, moved into the Pacific, carrying with them the Austronesian languages [185, 208]. 
This dispersal is presumed to have been fuelled by the development of agricultural 
technologies, primarily based on rice but including other crops and some domesticated 
animals (pigs, dogs and chickens), and other Neolithic items, including pottery and  
polished stone adzes [178, 185, 207, 208, 216]. Noteworthy, none of these material-
culture types are necessary or unique markers of farming in ISEA. Although 
archaeological evidence supports a link between Austronesian origins and a farming 
capacity in the region of the Taiwan Strait, evidences of a linguistic expansion southwards 
involving the transplantation of the same subsistence practices to ISEA is lacking. In fact, 
the Austronesian populations instead of continuing the cultivation of essentially the same 
crops as had been domesticated in the beginning of their Neolithic journey, shifted their 
subsistence economy from grain cultivation to the root and arboreal crops in most of ISEA 
and completely in the Pacific. Taking this into consideration and the geographic 
localization of the Austronesian speakers (mostly in islands), it seems more plausible that 
the enabling technology for this dispersal was the advanced maritime capacity to explore 
the marine resources and of locally-adapted crops in the region [233]. The assumption 
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that the southward expansion was predicated on maritime foraging and trade has been 
used to support other alternative models [100, 176, 202, 234].  
The proponents of the OOT model draw it essentially from historical linguistics and 
some archaeological evidences. However, evidences supporting a dispersal of farming 
practices with early Malayo-Polynesian-speaking voyagers across ISEA, during the initial 
period of the Austronesian expansion, are very limited. There is an almost complete lack 
of domesticated rice, or the associated farming technologies and food processing and 
consumption, dating to 3,000 - 4,000 years ago. From all ISEA, only two sites presented 
both pottery and rice remains, that may date to the Neolithic arrival, one at Gua Sireh in 
western Sarawak [235] and the other at Ulu Leang in southern Sulawesi [236]. 
Furthermore, it has been suggested that one of these sites, the Gua Sireh (due to its 
location and age) may represent a Neolithic arriving from mainland Asia rather than 
Taiwan [235]. In fact, the earliest records of pottery across ISEA suggest the occurrence 
of multiple incursions into the region by at least two different cultures, one from MSEA 
carrying a corded or basketry-wrapped paddle impressed pottery, and a second influence 
of the red-slipped pottery tradition originated in Taiwan, and spread by the supposed OOT 
dispersal [214, 222].  
Other elements claimed as components of a Taiwanese cultural package, such as 
some domestic animals (dogs or domestic pigs), also provide insufficient support for the 
Taiwan-based dispersal of farmers into ISEA. Firstly, the northernmost evidence of an 
early faunal introduction is in the Niah Cave in Sarawak, but there are some uncertainties 
regarding the dating [237]. Additionally, recent genetic studies revealed a clear 
association between pig populations (Sus spp.) from MSEA, ISEA, New Guinea, and 
Oceania, suggesting that they were introduced into New Guinea, via eastern ISEA, not 
from Taiwan, but instead from MSEA (region proposed as the centre of pig and chicken 
domestication [214, 238]) [239, 240]. Additionally, other technologies associated with the 
spread of Austronesian populations, such fishhooks, shell beads, and shell adzes have 
been found in ISEA and Melanesia, predating the time of arrival of the Neolithic pottery in 
those regions [198]. 
Overall, both linguistic and archaeological evidences, or even plant and animal 
domestication histories, suggest that most of the components that have been presumed to 
have diffused with the Austronesian language from Taiwan were already present in ISEA. 
Nevertheless, some archaeological records, such as the red-slipped pottery are still 
considered a reliable chronological marker for the arrival of the Austronesian speakers in 
the region [222, 223]. Taking into consideration the complex records of the human 
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footprint in ISEA, it becomes clear that other major forces, aside from language and 
agriculture, shaped the demographic history of ISEA. 
 
 
3. MAIN GENETIC EVIDENCES OF POPULATION MOVEMENTS IN ISEA 
 
3.1. UNIPARENTAL GENETIC MARKERS 
 
Over the last decades, genetic research has been an invaluable tool for 
understanding the human origins and migrations in the world. Until recently, the genetic 
information (in particular from uniparental genetic markers, mtDNA and Y chromosome) of 
the region of SEA have been analysed in light of the two widely accepted major 
demographics events in the region: the initial settlement by anatomically modern humans 
in the Late Pleistocene, followed by the more recent Holocene dispersal of the populations 
speaking Austronesian languages.  
It is relatively well establish that the first settlers of the ISEA migrated from Sunda 
land bridge that connected MSEA to regions as far east as Wallace's Line approximately 
50,000 years ago [196, 241, 242]. The genetic signatures of the initial colonization of 
Sundaland and Sahul are in agreement with the archaeological picture of an initial 
colonization by modern humans at least 50,000 years ago. Several mtDNA lineages, with 
a patterned distribution across both present-day MSEA and ISEA, trace back to the main 
branches of macrohaplogroups M and N in that time frame [104, 154, 172, 243-246]. For 
instance, haplogroup M9, present in SEA, Taiwan and China, most likely arose in SEA 
approximately 50,000 years ago, and its major subclade, haplogroup E, around 30,000 
years ago [172]. 
The second most widely accepted major demographic event in the region is 
associated with massive agriculturally-driven migrations in the mid-Holocene (OOT). 
According to this model, the largest ancestral contribution to ISEA populations trace back 
to Taiwanese Neolithic populations. mtDNA has been extensively used to argue for or 
against the OOT model of the Austronesian language expansion around ~4,500 years 
ago. The support for the Taiwanese origin of this model relies mostly on the geographic 
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distribution of a specific D-loop motif (variation at nucleotide positions 16217, 16247 and 
16261) with a nine base pair deletion in the COII/ tRNALys intergenic region, which is 
characteristic to the haplogroup B4a1a1a lineages of all Austronesian speaking 
populations. Since this haplogroup is present at high frequency throughout the Pacific, 
especially in Polynesia, it is referred as the Polynesian motif (PM) [97, 247, 248]. The 
ancestral haplogroup of the PM, B4a1a, with an Asian origin, is found in Taiwan and 
throughout ISEA and the western Pacific. The fact that the PM could be traced back to 
Asian populations (in particular Taiwan) was seen initially as supporting an OOT for the 
Polynesian origins [249, 250].  
However, these initial assumptions relied on the analysis of poorly resolved 
mtDNA control-region sequences. Recent analyses of complete mtDNA genomes from 
haplogroup B4a1a provided new insights about the immediate origin and age of B4a1a1a 
[248]. B4a1a1a is not found in Taiwan or the Philippines, and based on the estimates of 
coalescence dates, it most likely originated within the Bismarck Archipelago around 8,000 
years ago, several thousand years before the Lapita cultural complex (associated with the 
Austronesian language expansion). In fact, the expansion of this lineage most likely 
resulted from the Early to Mid-Holocene sea level rise rather than from the dispersal of 
Austronesian-speaking agriculturalists [248, 251, 252]. 
With a similar expansion pattern to haplogroup B4a1, haplogroup E lineages also 
appear to have been carried with the postglacial population movements in ISEA [172]. 
Haplogroup E arose most likely in northeast Sundaland around 35,000 years ago and was 
caught up in the dramatic episodes of population dispersals that began in eastern 
Sundaland/northwest Wallacea about 12,000 years ago [172], reaching Taiwan 
somewhere between 8-4 ka [172] (according to the recalibration of the mtDNA molecular 
clock [91]). The dispersal of this haplogroup most likely reflects the impact of the climate 
changes in the Early to Mid-Holocene, that triggered multiple population movements 
(possibly hunter gatherers who followed the now-submerged river systems in the region) 
[253], rather to what has been suggested that haplogroup E may be associated with early 
Austronesians and the subsequent dispersal of Austronesian languages [254]. This last 
assumption was based on the analysis of a complete mitochondrial DNA genome 
sequence of an ~8,000-year-old skeleton from Liang Island (located between China and 
Taiwan), supporting a link between southern China and Formosan populations. These 
finds not necessarily mean that the most ancestral E lineages arose between China and 
Taiwan (as postulated by the authors [254]), in fact, the overall pattern of haplogroup E 
strongly suggests ISEA as the point of origin and evolution for the clade. Therefore the 
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loss of many lineages during the postglacial period in ISEA may potentially explain the 
lack of ancestral lineages, such as the ancient mtDNA E1 lineage detected further north 
[254].  
Haplogroup E lineages suggest that Taiwan may be the recipient of population 
movements from the south, before the Austronesian dispersal, rather than being the major 
source of Holocene population expansions across ISEA [172, 251]. In fact, an early 
extensive study of the mitochondrial gene pool of ISEA had suggested that only a 
maximum of 20% of present-day lineages could have resulted from the mid-Holocene 
Austronesian language dispersal, and the majority of the ISEA lineages dates to Late 
Pleistocene and Early Holocene [243]. For the Y chromosome, most of the ISEA lineages 
resulted from pre-Neolithic demographic expansions (most likely carried by the first 
settlers and subsequent postglacial expansions), and only a small fraction of lineages are 
thought to have arrived with the Austronesian-speaking populations from Taiwan [128, 
255-258]. Karafet et al.[255] argued for a discontinuous four-phase colonization process 
with several population incursions in SEA. According to this model, the initial settlers 
introduced the basal Y haplogroups (C and K lineages) in the entire region. In the second 
phase, the hunter-gatherers in the late-Pleistocene/postglacial migrations introduced 
several major subclades of haplogroup O in ISEA from MSEA. Later, a small fraction of 
haplogroup O subclades entered ISEA in the mid-Holocene from Taiwan with the 
Austronesian expansion. Last stage of this model refers to the population moments in the 
historic era, from southern Asia, Arabia and China, which led to dramatic cultural and 
social changes, but had small impact in the genetic composition of ISEA. 
This complex pattern of settlement and dispersals in SEA was corroborated in 
recent studies [252, 256]. Trejaut et al. [256], by analysing the male genetic diversity of 
SEA populations, proposed a pincer model that includes northeastward dispersal from 
Taiwan into Philippines and Indonesia and a southward dispersal via the Indochinese 
peninsula to Indonesia and into the Philippines and Taiwan, within the last 20,000 years 
ago. This time frame reinforces previous mtDNA and Y chromosome studies that 
concluded that the major genetic contribution for present-day ISEA gene pool relates to 
population moments in the late-Pleistocene to early-Holocene [172, 255].  
Interestingly, the male genetic diversity in the Pacific does not trace back to ISEA 
Austronesian speaking populations like in the mtDNA analysis. Austronesian-speaking 
populations in both Near and Remote Oceania (with Asian derived mtDNA lineages) carry 
Y chromosomes lineages belonging to haplogroups K, M, S and C, which are restricted to 
Oceanic populations and are thought to have originated in Near Oceania during the 
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Pleistocene period of human occupation [127, 259, 260]. It has been suggested that the 
genetic composition of the Oceanic populations resulted from the intermarriage between 
Austronesian-speaking females carrying Asian mtDNA lineages (for example: mtDNA PM) 
with male Melanesians en route to the Pacific, suggesting that the Lapita societies had a 
matrilineal structure and a matrilocality residence pattern [247, 261]. These conclusions 
were based on the assumption that the PM was a genetic marker of the OOT, however 
according to Soares et al. [248], although the motif (or its ancestor) has an ultimately 
mainland Asian ancestry, the populations carrying the PM arrived in Near Oceania ~6–10 
ka, thus they were already well-established in Near Oceania by the time of the arrival of 
the so called Neolithic “out-of-Taiwan” populations. Therefore, it appears that the Neolithic 
OOT migration did not leave a substantial signal, both on the mtDNA and Y-chromosome 
gene pool in the ISEA and Remote Pacific Islanders, in the last 3,000 years.  
 
 
3.2.  AUTOSOMAL GENETIC MARKERS  
 
Over the last years, genome-wide studies have been employed to overcome some 
of the limitations of mtDNA and Y chromosome analyses. However, there is still a 
relatively limited number of studies using autosomal genetic markers in the region of SEA, 
in comparison to analyses using the uniparental genetic markers. 
The first studies using autosomal STRs focused on Pacific populations, and 
provided a similar picture of the population prehistory shown by mtDNA and Y 
chromosome studies [154, 260]. These two studies showed that Austronesian-speaking 
Pacific islanders have a strong East Asian ancestry (almost 80%) with a smaller 
Melanesian contribution (~20%), and only along the coast and through the islands of the 
Bismarck Archipelago, suggesting that they were almost entirely the result of the 
Austronesian expansion around 4,000 years ago from Taiwan towards New Guinea.  
With the development of high-throughput SNP genotyping platforms, more 
comprehensive genetic studies were employed. Analyses using the HUGO Pan-Asian 
SNP dataset, also indicate an East Asian derived population migration towards New 
Guinea, with the admixture in the time frame of the Austronesian expansion [262, 263]. 
All the results mentioned above should be interpreted with caution, since in the 
first two studies case, few samples from ISEA were included, and in the third more recent 
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study, samples from Taiwan were not included. This fact is particularly important, since 
more comprehensive genome-wide analyses revealed a picture of prevalent gene flow 
among Asian populations, in which aboriginal Taiwanese appears to be an offshoot from 
Island Southeast Asians [157]. 
Recently, Jinan et al. [264] based on genome-wide analyses suggested a more 
complex migration history than that of the two-wave hypothesis generally accepted for the 
peopling of ISEA. This study argued that SEA populations are divided into two clusters 
with clear different genetic composition. The “island” cluster includes the Taiwanese, 
Filipino, and Sulawesi, whereas the second cluster, referred as the “mainland” cluster, is 
represented by MSEA populations and the Austronesian-speaking populations that were 
previously part of the Sunda landmass (Malaysia and Java and Borneo islands). The 
western ISEA ancestry to mainland sources is in agreement with the genetic signals of the 
late-Pleistocene/early-Holocene migrations from Indochina southward towards Malaysia, 
Sumatra, Java, and Borneo, that were previously shown in the mtDNA and Y 
chromosome analyses [172, 255]. According to the authors, this admixture pattern 
suggests that Taiwanese populations were not the sole contributors to the genetic 
diversity in all Austronesian groups [264].  
Genome-wide studies have been interpreted as supporting both Taiwan-derived 
[154, 260, 263] and multiple-wave [264] migration models for the dispersal of 
Austronesian-speaking populations. However, these studies did not allow to establish, 
definitely, the point of origin of the Austronesian language. Two recent studies addressed 
that question. Lispson et al. [265] using a relatively extensive genome-wide dataset 
comprising 31 Austronesian-speaking populations and other 25 populations from the 
HUGO Pan-Asian SNP Consortium [157] and the HGDP [161], concluded that the 
Austronesian ancestry component is most closely related to present-day Formosans. 
According to this study, the Asian ancestry component found in the western ISEA 
populations could be, most likely, explained because their ancestral populations spoke 
Austroasiatic languages. The Taiwanese ancestry of the Austronesian genetic component 
was also suggested in another recent autosomal study [266], that further proposed the 
southern Chinese Daic domain as the cradle of Proto-Austronesian migrants to Taiwan. 
However, caution is needed when analysing their conclusions, due to their limited number 
of SNPs. In particular, in spite of the relatively large study performed by Lipson et al. 
[265], these authors only used a very limited number of SNPs (not even reaching 10,000 
SNPs), which weakens their conclusions that the Austronesian expansion involved 
substantial human migrations. 
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Indeed, so far, genome-wide studies are still lacking in the region of SEA. There is 
a clear necessity to perform more comprehensive studies, with wider sampling, not only 
from SEA populations but also from neighbouring regions, and with larger sample sizes 
and more SNPs.  
 
 
4. BIOMEDICAL CONTRIBUTIONS OF EVOLUTIONARY POPULATION 
STUDIES  
 
In the last decades, the advances in molecular genetic technology has led to a 
new era of human genetic studies. As a result, large amounts of genomic data in human 
population have become available. The study of this genetic variation has both 
evolutionary significance and biomedical applications. It can help to understand ancient 
human population migrations and interactions, as well as the resultant genetic structure 
and differentiation between, and within, different human population groups. The study of 
human genetic variation may provide invaluable information for biomedical approaches, 
since the human population is not homogeneous in terms of risk of disease [267]; for 
instances some disease-causing alleles occur more often in people from specific 
geographic regions [268-270].  
Additionally, recently analyses of thousands of markers on a genome-wide scale 
(genome-wide association studies - GWAS) have revealed numerous disease-associated 
loci and have provided significant insights into the allelic architecture of complex diseases 
traits [269, 271]. Several studies have started to use this approach to explore the 
interaction between population evolutionary history and complex disease traits, such as 
type 2 diabetes variants [272] and hypertension [273]. However, in the case of admixed 
populations, the genetic variation can produce spurious association of genotypes and 
phenotypes through their separate associations with ancestry. In these cases, knowledge 
of the population genetic structure becomes essential to reduce the false-positives [271]. 
Therefore, population-based genetic studies, by increasing the knowledge of the genetic 
characterization of human populations, can enhance the understanding of the genetic 
basis of complex diseases, and provide the foundation for the development of numerous 
multidisciplinary researches.  
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The complex demographic history of SEA, tangled with multiple Holocene 
migrations and population displacements following the first Late Pleistocene settlement 
around 50-60ka, has led to the establishment of one of the most genetically diverse 
population in the world. Understanding of how genetic diversity is structured in a 
population as well as the forces that shaped that diversity, is important not only for 
anthropological and evolutionary fields, but also for biomedical research. For example, 
knowledge of the population structure is crucial to minimize bias in clinical research, since 
individuals from different populations often respond differently to medical treatments.   
In this sense, the main goal of this study was to contribute for a more 
comprehensive view of the human genetic variation of SEA, as well as to provide a better 
picture of the main dispersal routes and the impact of those dispersals on the population 
history in the region. Additionally, this study also aims to provide a genetic background for 
SEA populations, that could be used in future clinical and medical research. To achieve 
this, the research work was divided in three main specific goals: 
 
1. Perform a comprehensive study of the region combining the three 
genetic systems, mtDNA, Y chromosome and genome-wide data. To 
achieve this, a large dataset of new mtDNA (both control-region and whole-
genome sequences) and Y-chromosome data was analysed, and a set of 
lineages were appointed as markers for postglacial and Neolithic movements. 
To test these two very different hypothesis for the prehistory of SEA 
(postglacial and OOT expansions), the phylogenies of the major mtDNA OOT 
candidates, M7, B4a1a and E, were reconstructed. Additionally, genome-wide 
patterns of a total of 23,332 SNPs from the Pan-Asian SNP Genotyping 
Database was compared to the mtDNA and Y chromosome results. These 
results are presented in the Paper I and constitute the groundwork of this 
thesis.  
 
2. Characterize at high resolution selected maternal lineages that have been 
tentatively associated with various demographic events in SEA.  
The sequence variation of whole-mtDNA genomes belonging to the remaining 
low frequency mtDNA lineages, previously identified by the founder analysis in 
Paper I, was studied in detail. The working hypothesis was to test mtDNA 
lineages associated with the first settlement (haplogroup F3, R9b), postglacial 
expansions (haplogroup R9c, N9a) and mid-Holocene dispersals from Taiwan 
- 70 - 
 
(haplogroups B4c1, F1a4, B5b, Y2, B4b1 and D5). The phylogeographic 
analysis was accomplished by using a comprehensive dataset of 114 newly 
sequenced whole-mtDNA genomes and  829 published whole-mtDNA 
genomes from a vast geographic region including Taiwan, MSEA, ISEA and 
Near Oceania. These results are presented in the Paper II. 
 
3. Evaluate the genetic relationships between Southeast Asian populations 
and provide a comprehensive ancestry landscape of SEA population 
history, using genome-wide SNPs variation. The characterization of the 
genetic makeup of the region was accomplished by performing an in-depth 
population genetic study using genome-wide SNP data from 47 East/Southeast 
Asian populations (both new populations genotyped with the Illumina 
HumanOmniExpress BeadChip containing approximately 700,000 SNPs, and 
published populations in the 1000 Genomes database and the Human Genetic 
























































STUDY OF MATERNAL LINEAGES IN SOUTHEAST ASIA 
 
 
Paper I  
Resolving the ancestry of Austronesian-speaking populations  
 
Paper II 
Quantifying the legacy of the Chinese Neolithic on the maternal genetic heritage of 
Taiwan and Island Southeast Asia  
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Resolving the ancestry of Austronesian-speaking populations 
 
Soares P, Trejaut JA, Rito T, Cavadas B, Hill C, Eng KK, Mormina M, Brandão A, Fraser 
RM, Wang T-Y, Loo J-H, Snell C, Ko T-M, Amorim A, Pala M, Macaulay V, Bulbeck D, 
Wilson JF, Gusmão L, Pereira L, Oppenheimer S, Lin M, Richards MB (2016). Hum 
Genet, 135(3), 309-326. doi: 10.1007/s00439-015-1620-z 
 
This paper establishes the groundwork of the present research thesis, and I was involved 
in the mtDNA laboratory work and some statistical analyses (namely, interpolation maps 
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Report 
The demographic events that shaped the complex human genetic architecture of 
Island Southeast Asia (ISEA) are still surrounded by controversy. The extensive ethno-
linguistic and genetic variation of ISEA populations has likely been significantly 
established by multiple migrations and population expansions throughout the history of the 
region. The most accepted model for decades has been the “Out-of-Taiwan”, based 
mostly on linguistic evidence and additionally supported to some extent by archaeological 
data1; 2. The model stated that following the first settlement by the ancestors of the so-
called “Australoid” populations (found nowadays scattered around SEA and Australia) at 
least 50 thousand years ago (ka), a massive agriculture-driven migration in the mid-
Holocene 4 ka ago displaced previous settlers and constitute the major ancestry of 
present day ISEA populations1; 2. The model refers to a putative dispersal of Neolithic 
farmers from South China to Taiwan around 6 ka and onward to ISEA and the Pacific, 
carrying a new cultural package and the Austronesian languages that are spoken in the 
region nowadays1-4. 
Recent genetic studies suggested that the two-wave hypothesis is too simplistic 
and does not account for the complex genetic variation observed in Southeast Asian 
(SEA) populations. In fact, climatic changes have been appointed by many as the major 
driving force for the population movements in the region5-10. SEA is currently divided into 
Mainland Southeast Asia (MSEA) and ISEA but until the Last Glacial Maximum (LGM) 
approximately 20 ka, it was partially joined together by an extensive landmass known as 
Sundaland linking Asian mainland and the current islands of Sumatra, Java and Borneo11; 
12, mirroring the Sahul continent that split into present-day Australia and New Guinea. 
Following the LGM, climate warming led to three major episodes of sea level rise (at 
∼14.5, 11.5, and probably ∼7.5 ka), which caused the flooding of almost half of the land 
area of the Sundaland continent and doubled the length of the coastline11; 12. These 
dramatic changes likely trigged drastic population displacements in the region5-10; 13-16. 
Such events would predate but do not exclude an OOT event. Recently, using both 
mtDNA and Y-chromosome, as well as a reanalysis of published genome-wide data, we 
proposed a model where the postglacial expansions possibly played the major role in 
establishing the population genetic structure of the region, but a clear low-scale OOT 
migration was detected and it could have been responsible for the spread of the 
Austronesian languages and even some technological innovations8; 17.  
In the last two decades most genetic studies on ISEA relied mainly on the variation 
in the haploid markers mtDNA and non-recombining Y-chromosome5-7; 9; 13; 15. More 
recently, the development of high-throughput single-nucleotide polymorphism (SNP) 
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genotyping technologies allowed for more comprehensive genome-wide studies to be 
employed18-21, many of them focused on Malaysia, however they are overall still scarce. 
The most comprehensive study was performed by the Pan-Asian SNP Consortium18 that 
corroborated that all South, East and Southeast Asian populations had their genesis on a 
single migration ‘Out-of-Africa’ via a southern coastal route22 and revealed genetic 
stratification among East and Southeast Asians populations18. Genome-wide studies 
addressing the complex genetic architecture of SEA populations, have supported both 
OOT-type models23; 24 and multiple-wave21; 25 migration models. However, caution is 
needed when interpreting these results due to limitations in sampling (some lack of 
significantly representation of some populations in SEA and Taiwan) or the interpretative 
limitations of some analyses. 
In order to provide a comprehensive genetic ancestry landscape of SEA 
populations, without some of the drawbacks of previous studies namely on the low 
number of SNPs analysed18; 24 or limitation in sampling19; 20, we conducted an in-depth 
population genetic study using genome-wide SNP data from 47 populations (including 
newly genotyped together with samples from the 1000 Genomes Project26 and HGDP-
CEPH repository27) spread throughout SEA and neighbouring East Asia and Pacific 
regions. By exploring the genome-wide diversity in a large number of populations, we 
attempt to contribute new insights on the genetic relationships between the populations 
existing in the region and shed light on the past events that shaped the genetic makeup of 
the region and the massive ethno-linguistic diversity seen in present-day Southeast Asia.  
We genotyped 416 individuals using the Illumina HumanOmniExpress BeadChip, 
containing ~700,000 SNPs. We excluded 48 individuals that exhibited distinct admixture 
composition compared with samples of the same populations (outliers). In addition, we 
also removed possible duplicate samples and first-degree relatives (63 individuals). In the 
SNPs filtering we excluded markers with genotyping call rates <95% and minor allele 
frequency <5%, using PLINK software28. A total of 305 individuals, representing 34 
populations from Southeast and the Pacific, and 572,502 SNPs passed the quality control. 
In order to increase spatial resolution, we merged our primary dataset with data from 
relevant populations from the 1000 Genomes Project26 and from the HGDP-CEPH 
repository27, obtaining a final dataset of 644 individuals from 47 populations typed at 
258,994 overlapping SNPs (details on the analysed populations can be found in Table 
S1). Several analyses require a minimum background linkage disequilibrium (LD) so we 
obtained a pruned dataset by removing SNPs with excessive LD (pairwise genotypic 
correlation r2 > 0.4), within a 50-SNP sliding window with step of 10 SNPs. The resulting 
pruned dataset contained 139,737 SNPs. Many of the published genome-wide results 
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were based on the Pan-Asian SNP Consortium dataset8; 18; 24; 25, so we will compare the 
obtained results with a reanalysis of this data. We added the relevant 1000 Genomes 
Project populations26 resulting in an expanded Pan-Asian SNP Consortium (EPASC) 
dataset with 19,338 SNPs after pruning (Table S2). 
Principal component analysis (PCA) was used to reduce the data into vectors that 
capture the main trends across East/Southeast Asian populations. PCA was carried out in 
the pruned dataset by using the smartpca tool, included in the EIGENSOFT v6.0.1 
package29. We employed ADMIXTURE v1.23 to estimate population structure using 
maximum likelihood (ML)30, with ten-fold cross validation to find the optimal number of 
clusters or ancestral populations (K). For comparison we used sNMF v1.2 which 
estimates genetics components using a model-free approach based on a non-negative 
matrix factorization31. PLINK v1.928 was used to estimate Runs of Homozygosity (ROH) 
and the Inbreeding Coefficient (IC) in the unpruned dataset of selected Southeast Asian 
populations. The ROH was calculated taking 5,000 kb (50 SNPs) sliding windows across 
the genome and allowing for one heterozygous and five missing calls in each window. 
Two consecutive ROHs are considered as a single unit if their distance is ≤ 1 Mb. The 
TreeMix v1.122632 was used to infer relationships and migration events between selected 
populations. The estimated ML tree was rooted by an Indian population, and blocks of 500 
SNPs (-k 500) to account for LD and migration edges were added sequentially until the 
model explained ~99.7 % of variance.  
The overall results of the PCA analysis are shown in Figure 1. To simplify the 
spatial disposition of the populations, they were grouped and labelled according to their 
general geographic location (the PCA displaying all individualized populations is found in 
Figure S1). The first component (PC1), capturing 27.03 % of total variation, clusters the 
Southeast Asian and New Guinean populations in a west-east axis with East Indonesian 
populations (Alor, Palu and Ambon) in an intermediate position. The second component 
(PC2) at 6.43 % shows a geographic clustering of populations between North of East Asia 
on one extreme and SEA on the other. These two components, north-south and west-
east, provide a general genetic clustering that closely resembles the geography as 
displayed in figure 1. Interestingly, from both first and second components, Myanmar 
(formerly Burma) appear to be differentiated from the other MSEA populations on PC1 
which can be caused by some level of South Asian ancestry, and it is more closely related 
to China on PC2 which is not fully unexpected on geographical terms. Taiwanese 
aboriginals are probably the populations showing the major discrepancy between the plot 
and the geography. Although located offshore of South China, they occupy a position 
close to the extreme of the PC2 variation.  
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Figure 1. Principal Component Analysis of Southeast Asian populations and surrounding Asian 
populations. The populations are grouped according their geography, in which North Asia 
comprises the Yakut, North China comprises Mongolia, Hezhen, Daur and Oroqen; Central 
China comprises Naxi, Tujia, Yizu, Tu and Central Han; South China comprises Dai; Miao; 
Lahu, She and Southern Han; Taiwanese Aboriginals comprises Atayal, Bunun, Ami and 
Paiwan; East Indonesia comprises Alor, Palu and Ambom; West Indonesia comprises the 
populations from Borneo island (Kota Kinabalu, Banjarmasin and Palangkaraya) and Bali, 
Mataram and Sumatra (Palembang, and Pekanbaru). PCA analysis was paired with the 
geographic map of the samples.  
 
To evaluate the ancestral populations or components that may have shaped the 
genetic structure in present SEA populations, we applied ADMIXTURE analysis (Figure 
2). sNMF was also used as a cross-checking of the estimated genetic structure (Figure 
S2). Figure 2 shows the ADMIXTURE results from K=3 to K=8 (with K=7 identified as the 
“optimal” number of clusters in the dataset by cross-validation; Figure S3). For K=3 the 
three components separate East Asian Populations (blue), Oceanic populations (grey), 
and the African populations (green). South Asian populations (green) appear as a mixture 
of African and East Asian. At K=4 a South Asian component emerges and at K=5 the East 
Asian component differentiates into a northerner component (blue) and a southerner 
component (orange) with progressive changes in frequency from the Yakut in Siberia to 
SEA. At K=6 the Oceanic component splits into a New Guinean component and a 
component corresponding to the offshore islands of New Guinea (brown) although this 
split does not exist in further analyses for higher values of K. Given this, at K=7, the 
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putative optimal K from cross-validation, the predominantly SEA component at K=5 and 
K=6 becomes three components: the orange one is widely frequent from Japan to MSEA 
displaying frequencies of about 50% through a wide range of these populations with 
nearly 100% in the Hmong; the yellow component mainly relates to MSEA ethnic groups, 
namely the Malaysian Semang and Vietnamese Stieng, but it is present at discernible 
frequencies at most MSEA populations; and a dark blue component mostly frequent in 
Taiwan and ISEA populations, but also with minor frequencies in Vietnam, Laos and 
South China. We also estimated ancestry using sNMF from K=3 to 7 (Figure S2) and 
although the principles behind the algorithm are very different from ADMIXTURE, the 
results strongly match the ones in ADMIXTURE providing confidence on the ancestry 
estimates. 
Above the hypothetical optimal K, at K=8, a new component (light blue) appears, 
differentiating the Hmong population from the other Laos populations. The high values of 
this population in term of ROH and IC suggests a high degree of population isolation from 
the neighbouring populations (Figure S4). Interestingly in the EPASC dataset at higher 
values of K, Hmong also develop a specific component that is present in Hmong-speaking 
populations (data not shown) independently of their geography suggesting a common and 
recent ancestry for populations of this linguistic group. A further look at some details in the 
ADMIXTURE analysis reveals some residual Indo-European component (dark green) in 
Malaysia (14.6%) and Myanmar (21.3%), whereas a MSEA component is found in India 
(20.9%), suggesting some bidirectional gene flow between MSEA and Indian populations. 
Traces of population interaction between Indian and SEA populations, within the Bay of 
Bengal, have been suggested before, and it could be associated with dispersal of 
Austroasiatic languages33. Considering K=7, most of MSEA populations (Vietnam, 
Thailand, Laos and Myanmar) with the exception of the Malays have about 50% of the 
widespread East Asian/Southeast Asian component suggesting a shared genetic ancestry 
of what is basically half of the genetic variation of East Asia. This component is hardly 
present in ISEA. The S’tieng in Vietnam and the Semang in Malaysia share a component 
(yellow) at nearly 100% that is mostly restricted to MSEA. While the predominance of this 
component in these two populations could be a signal of high drift, both the ROH and the 
IC display values that do not support such a drastic reduction of diversity when compared 
with other populations (Figure S4). One alternative is that these populations, commonly 
included in the so-called relict groups of SEA might reflect a deeper layer of SEA genetic 
diversity. The Semang and specially the Stieng have also an extreme position in the PC2 
(corresponding to the North-SEA axis) suggesting their status as most genuine SEA 
populations eventually with ISEA populations (as we will discuss below). The other MSEA 
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populations show an intermediate position in this PC2 between these groups and China 
(or South China) probably suggesting a dual ancestry. This is reflected on the 
ADMIXTURE and sNMF ancestry estimates, where MSEA populations share a mixed 
ancestry corresponding to an ancestral component (the yellow and/or dark blue 
components) and an incursion of a component (orange) of possible Chinese origin. This 
orange component might suggest a putative South Chinese expansion either motivated by 
climate or Neolithic practices. The calculation of admixture times using ALDER34 always 




Figure 2. Admixture analysis (K=2 to K=8) of Asian and neighbouring populations and 
subpopulations. Each individual from populations is represent in the x-axis, as a 
vertical stacked column of color-coded admixture proportions of the putative 
ancestral populations. 
 
ADMIXTURE and sNMF ancestry analyses revealed that the region of ISEA 
harbours a very specific genetic structure. There is a clear genetic cline between West 
and East ISEA with the first one showing components representative of MSEA while East 
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Indonesia clearly shows an input from Papuan-speaking populations. These two genetic 
influxes are already attested from archaeology, linguistic and genetics8; 13; 14; 24; 35-38 
although with a few variations on their timing. This leaves the dark blue component as the 
most representative ISEA ancestry. This component is more frequent in Taiwan (about 
90%) but it is also frequent throughout all of ISEA and it is also present at low frequencies 
in the Pacific and on MSEA. It is mostly present in Austronesian-speaking populations 
which could render it an OOT-ancestry marker. However higher frequencies in Taiwan do 
not indicate source, and no directionality of the spread of the component is visible. If the 
major component of genetic variation in ISEA was established at least in the early 
Holocene as suggested by uniparental markers5; 6; 8; 9; 14, and it was followed by gene flow 
from the west (MSEA) and the east (Papuan), the frequency of the Holocene component 
would decrease, which renders any inference based on frequencies inconclusive. In 
contrast, in Taiwan we just observe a minor genetic input of the mainland Orange 
component. 
We can draw some inferences from the already described analyses regarding the 
ancestry of the dark blue component. In terms of PCA we can observe the positioning of 
Taiwan in the North-South axis that mostly relates Asian populations. Considering an 
OOT model we would expect a large-scale migration of rice-agriculturalists from South 
China into Taiwan about 6-7 ka ago following a migration from further North where rice 
domestication had its probable origin2. In this model we would expect Taiwan to show 
some level of similarity with South China but in the PCA they appear on the extreme of the 
variation of the PC2, close to relict groups like the Stieng and the Semang, suggesting a 
deeper differentiation from mainland Asia in disagreement with the geographically 
proximal China and the “out-of-Taiwan” model. MSEA populations follow the cline from 
North Asia and in terms of structure they display a high frequency of the orange 
component that is highly frequent in South China. In the EPASC dataset, Oceania is 
hardly represented but PC1 separates populations from North China to the population 
labelled Melanesia (Figure S5). PC2 establishes a wide range of diversity with the 
Melanesian population at one extreme and the Malaysian Negrito group on the other. 
Nevertheless both main PCs establish a cline in continental populations from Japan/Korea 
to MSEA while ISEA and Peninsular Malaysian populations appear further differentiated 
from this more homogenous group. In this case Taiwan appears slightly closer to this 
group but still differentiated which makes sense as that Taiwanese sample set showed a 
higher frequency of a South Chinese component (25-30%) than what we are obtaining 
here for the orange component (10-15%). This can be caused by bias in the SNPs used in 
each analysis. Still neither of the ancestry analyses performed indicate directionality. The 
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other hypothesis is that as suggested by haploid markers this could represent a 
postglacial expanding component that reached Taiwan. Although the component is also 
present in MSEA and South China it is mostly present on Eastern Coastal populations 
suggesting that it could be related to major maritime expansions. On mtDNA many of the 
haplogroups that expanded in the postglacial in ISEA were related with continental China 
and MSEA at a deeper depth characterized by longer branches between the split with 
continental Asia and the expanding clade17. This can explain the positioning of ISEA and 
Taiwanese groups in the PCA within the continuum of the North-South axis but further 
apart from the continent. 
We used TreeMix, that allows establishing evolutionary relationships between 
populations and, importantly, allows inferring admixture between populations by 
establishing migrations between groups. Six migration edges were added until the model 
explained 99.7 % of the variance (Figure S6). Using an Indian population to root the ML 
tree, the populations separated into two groups, one consisting of Pacific populations and 
the other consisting on Asian populations (Figure 3). Following the results obtained by the 
previous ancestry estimates (PCA, ADMIXTURE and sNMF) the presence of the Pacific 
component in East Indonesia is clear as it is shown by a migration with a high weight. The 
remaining part of the tree corresponds to East/Southeast Asia. There a first basal split 
between the Malay and the remaining populations, which again suggests some level of 
antiquity of its components, the yellow and dark blue in the ancestry analyses. Then the 
tree splits into two groups, one containing SEA populations (both MSEA and ISEA), again 
groups mostly represented by these same two components. On a note, Laos and Thailand 
that are present in this cluster contain a high frequency of the orange component but 
migration with high weight is visible from the East Asian group to this. Another split is 
obtained between a group containing Austronesian-speaking populations (including the 
Taiwanese groups) mostly represented by the dark blue component in ADMIXTURE and a 
group that is mainly East Asian with some MSEA populations, mainly represented by the 
orange and blue components, which again can mimic the split observed in mtDNA 
between most haplogroups present in ISEA and the mainland in the late Pleistocene/early 
Holocene17. Overall the tree suggests a deeper ancestry of SEA populations (both MSEA 
and ISEA) in relation to East Asian populations, where East Asian diversity is gathered in 
a single clade with the SEA diversity present at deeper clades. This would be expected 
following a first colonization of SEA in the context of a Southern Coastal Route model for 
the Out of Africa migration18; 22; 39 followed by a settlement of East Asia from SEA. 
The analysis of the tree in the context of considering an “Out-of-Taiwan” or mostly 
a Postglacial expansion needs to be carefully considered in two ways, in terms of tree 
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structure and attending to the migration estimates. In terms of tree structure Taiwan 
aboriginals are embedded as a single clade within a cluster of ISEA and Austronesian-
speaking populations. This strongly suggests that the diversity in Taiwan is a subset of the 
ISEA diversity as it was obtained previously in a tree that did not consider admixture and 
migration18. Although we grouped the four Taiwanese groups in two groups, the results 
are similar when using the four separately and they constitute a single sub-clade. One 
could argue that Taiwanese tribes went through high genetic drift but considering that their 
history is of independent drift due to isolation from each other there would be no reason 





Figure 3. Maximum likelihood population tree and admixture events inferred by TreeMix. 
The tree that best fit the dataset has six inferred migration edges, which explains 
99.7% of genetic variation of the populations. The tree displays the relevant 
detected migrations involving ISEA and Taiwan. For the full migrations’ results 
involving all the dataset see figure S6. The spectrum of colour of the migration 
arrows indicates different migration weights. The branch lengths are proportional to 
the amount of genetic drift that has occurred on populations.  
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On the other hand high weight migrations were detected from Taiwan into the 
Philippines and Sumatra but also lower weight migrations into other parts of ISEA. The 
most probable interpretation for this pattern, one that is fully supported by our recent 
analysis of haploid markers8; 17, is that the position of Taiwanese groups in the tree is 
reflecting a general ancestry in ISEA that according to mtDNA could have been 
established by postglacial expansions in the early to mid-Holocene that reached Taiwan in 
the process6; 8. However the migration pattern estimated shows that a migration from 
Taiwan into ISEA occurred against the general pattern that could match an “Out-of-
Taiwan” migration. This pattern fits perfectly our most recently established model that 
suggests a more ancient single genetic ancestry of ISEA and Taiwan followed by a much 
lower scale Out-of-Taiwan migration for the spread of Austronesian languages, that was 
mostly representative in the Philippines and that could have spread across ISEA mostly 
based on the spread of elite groups and language shift of the major ISEA population, 
rather than large-scale population replacement38; 40. 
The two higher weight migrations from Taiwan into ISEA correspond to the 
Philippines and Sumatra where we detected higher frequencies of mtDNA haplogroup 
M7c3c, the most representative putative clade for the Out-of-Taiwan in mtDNA8. Our 
results oppose a previous analysis, based in part on the HUGO-Pan Asia SNP dataset24 
that suggested an ancestry of Austronesian populations in Taiwan. We used our EPASC 
dataset to estimate a tree with admixture with Treemix (Figure S7) and the two Taiwanese 
groups again appear as a single minor clade deeply engrained within a broader 
Austronesian clade. On this dataset no Out-of-Taiwan migration was detected but the 
resolution in terms of SNPs is substantially lower. Also it displays the clear high diversity 
of SEA populations in relation to East Asian, including the so-called Philippine Negritos 
not available in our dataset. 
Considering the mtDNA picture8; 17, this mid-Holocene migration followed a 
migration from continental China whose population remained relatively isolated until the 
migration into ISEA. In the genome-wide data it is difficult to access this pattern. A 
migration from continental Asia was detected with high weight from the Dai population in 
South China that can be responsible for the presence of the orange component in Taiwan 
and even further South in the Philippines and the remaining ISEA which can represent a 
similar pattern to mtDNA17, but the presence of this component is found at lower 
frequencies than the ones estimated from mtDNA and Y-chromosome8; 17. The putative 
mtDNA in general seem to show a somewhat Northern Chinese origin17 although we 
cannot trace such pattern in our dataset. Still, M7c3c shows an immediate origin in South 
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China8 and the major putative “Out-of-Taiwan” Y-chromosome clade in ISEA, O1a28 
within haplogroup O1a might have had an origin in South China7; 41. 
Overall the results display a complex pattern that cannot be explained by simplistic 
two-tier models that prevailed for a long time in the field. The results also reveal SEA, 
including ISEA, as a very diverse region and a reservoir of ancient Asian genetic diversity. 
As previously suggested, the great ancestry of ISEA dates to substantially earlier than the 
mid-Holocene although a “Out-of-Taiwan” migration might have been responsible for the 
introduction of Austronesian languages whose expansion in ISEA might have taken place 
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SEA inherits a unique population history, with distinct interpretations regarding the 
past demographic events that shaped the region. Excavations in Tabon Cave in Palawan 
and Callao Cave in Luzon have given the oldest vestiges of the first modern humans so 
far from the Philippines [200, 274, 275]. These first settlers expanded out of Africa into 
Australasia following a southern coastal route, most likely facilitated by the prehistoric 
landmass joining present-day continental and insular SEA [165, 172, 276]. The dispersal 
of the so-called Australo-Melanesian, or Australoid, Palaeolithic settlers has been 
confirmed with the presence of basal mtDNA founder haplotypes in the region [243, 253, 
258, 277]. Although the arrival of the Upper Palaeolithic settlers is relatively well defined, 
the following population movements and their impact on the SEA prehistory (in particular 
in the case of ISEA) are still considerably blurred. 
Two major, and partly competing, models have been proposed to explain the 
population movements in(to) today’s ISEA based on genetic (and other) evidences. The 
most widely accepted model, the “out-of-Taiwan” model, refers to the expansion of 
Austronesian-speaking populations from Taiwan around 4,500 years. According to this 
model, the Austronesian agriculturists adopted a Neolithic cultural package including rice, 
pigs and chickens, which allowed them to colonise and, to some extent replace the 
hunter-gatherers pre-existing in ISEA [185, 208, 216]. Over recent years, the foundation 
stones of the “out-of-Taiwan” model have been questioned. Despite the fact that all the 
Austronesian languages from Madagascar through ISEA and the Pacific, have been 
assigned to a single ‘Malayo-Polynesian’ branch, of the same time-depth as the other nine 
Austronesian branches restricted to Taiwan (placing this region as the homeland) [218, 
278], languages can be transmitted horizontally as a part of a cultural shift [214], and so a 
Taiwanese homeland does not automatically imply a massive agriculturally fuelled mode 
of dispersal, let alone population replacement. The archaeological evidence also suggests 
that several elements of the so called “out-of-Taiwan” dispersal were present in ISEA 
before the arrival of the Austronesian speakers [214]. An alternative model was 
formulated proposing environmentally related demographic changes in the Late 
Pleistocene/Early Holocene, before the proposed Neolithic/Austronesian dispersal. At the 
end of the LGM, sea levels began to rise due to global warming, flooding almost half of 
the prehistoric Sunda landmass, ultimately resulting in the present-day ISEA topography 
[165]. These drastic climate changes likely triggered massive autochthonous dispersals. 
Population movements as a result of postglacial alterations in ISEA have been supported 
by both archaeological and genetic evidences [172, 253, 264], but do not entirely explain 
linguistic landscape of the region.   
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These two very different interpretations of ISEA prehistory appear to be somewhat 
lacking in complexity. A more comprehensive model, accounting both for the effects of a 
changing environment and the development new ways of subsistence, needs to be 
considered. Therefore, this work aimed to perform a comprehensive genetic analysis, 
combining mtDNA and genome-wide data, to assess the population movements that 
reflect the genetic landscape of the region. Taking advantage of the secure dating of 
population movements provided by founder analyses of mtDNA lineages, we performed 
an extensive analysis of the dispersal times and the contribution of different migrations to 
present-day ISEA populations. This analysis revealed that the migration in the Early 
Holocene (~8 ka), contributed to almost half of the lineages of the current ISEA gene pool. 
Nevertheless, a clear signal of a later migration in the mid-Holocene (~4-5 ka) also 
detected, both from Taiwan and MSEA, which in total may have contributed to 20-30% of 
present day ISEA gene pool (Paper I). These two minor mid-Holocene waves most likely 
represent the Neolithic dispersal from both MSEA and South China, via Taiwan. This 
initial work confirmed the complex ongoing migration history of ISEA, and more 
importantly, highlighted (apart from the three major previously studied haplogroups E, 
B4a1, M7c3c) [172, 248], an additional possible set of rarer mtDNA founder clusters 
involved in the migratory events of the region. The analysis at high resolution (i.e., the 
whole-mtDNA sequences) of these remaining rarer mtDNA lineages confirmed the two 
major past demographic events, the postglacial expansions in the Early Holocene and an 
“out-of-Taiwan” dispersal in the mid-Holocene, thus cataloguing all maternal lineages of 
the region (Paper II). The genome-wide analysis, although lacking power in providing a 
fine time-scale resolution of population movements, also shed light on the complex 
genetic architecture of the MSEA and ISEA populations. The first appears to share a 
mixed ancestry between South and East Asian populations, and the latter harbours a very 
interesting and complex genetic structure, with West ISEA showing ancestral components 
related to MSEA, and the eastern side of ISEA showing an influx of Papuan-speaking 
populations (Paper III). 
Altogether, the mtDNA and the genome-wide results suggest that the simplistic 
two-step arrival (at ~50-60 ka and later at ~8 or ~4 ka) model that prevailed for a long time 
in the field, does not reflect the complex genetic history of the region. In fact, the results 
place ISEA in the crossroad of multiple prehistoric migrations from continental SEA, 
Taiwan and the Pacific islands. In summary, this work provides genetic evidence of at 
least two migratory events at different times, routes and with different consequences for 
the history region, following the first settlement:  
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(i) Large-scale migrations into ISEA in the Late Glacial and postglacial periods 
comprising the Late Pleistocene and Early Holocene:  
 
From this work, the clades that likely expanded in the Early Holocene postglacial 
period belong to the haplogroups B4a1a and E (Paper I) and haplogroups B5b1c, F3b1, 
N9a6, B4c1b2a2, R9c1a (Paper II). The postglacial lineages have direct ancestry in 
mainland Asia at least 15 ka, and lack branching nodes within the time frame of the 
flooding period (~15–8 ka), which corroborates the catastrophic effects of the climate 
changes on the effective population size. Moreover, according to their phylogeographic 
patterns, it seems likely that these lineages evolved within the vicinity of continental Asia, 
and were caught up in a dramatic series of dispersals and expansions that began in 
eastern Sundaland/northwest Wallacea, around 10 ka, and ultimately, some of them 
reached Taiwan in the postglacial period, from both ISEA and South China. The close 
genetic relationship between MSEA and East Asia is also clearly supported by the 
genome-wide analysis, where for instance in the PCA, the MSEA populations appear in 
an intermediate position between (South) China and ISEA in a continuum north-south axis 
(Paper III). 
The most plausible explanation for this scenario is the impact on coastal-dwelling 
populations of the major environmental changes at the end of the LGM, along with the 
rising sea level flooding many low-lying areas of the Sunda shelf, which most likely 
triggered severe population displacements and cultural changes [165, 172, 175, 176, 
253]. Archaeological evidence also supports multiple postglacial migrations in the Early 
Holocene, such as the spread of the Hoabinhian culture across MSEA [279-281] and the 
spread of a distinct “flake–blade technocomplex”, characterized with flakes detached from 
rotated multiplatform cores, across ISEA [233, 279, 282].  
 
 
(ii) Low-scale migrations into ISEA in the mid-to-Late Holocene: 
 
The expansion of rice agriculturalists from South China into ISEA and MSEA, 
ultimately leading to the spread of the Austronesian and the Austroasiatic languages, 
respectively, has been considered to be one of the main factors shaping the demographic 
history of the region. In this work is identified a strong signal of Taiwanese Neolithic 
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ancestry in ISEA in haplogroups M7c3c and M7b3 from Paper I, and haplogroups 
B4b1a2, F1a4a, Y2a1 and D5b1c1 from Paper II, that altogether provide the maternal 
genetic evidence that the expansion from South China into Taiwan and later ISEA, did 
indeed occur as the archaeological/linguistic model predicts. However, these mid-
Holocene lineages only account for ~20% of the current mitochondrial gene pool of ISEA, 
supporting with a higher confidence (as current information is based on complete mtDNA 
lineages) previous claims [243]. These findings bring a striking insight into the gene flow 
history of ISEA, since they imply that the dispersal of the Neolithic culture was not a large-
scale demic diffusion as claimed in the “out-of-Taiwan” model [185, 216], but instead it 
appears to have occurred largely as a process of cultural diffusion and language shift. 
As previously mentioned, Taiwan’s aboriginal maternal gene pool included not only 
ancient lineages associated with the Asian continent before sea-level rises separated it 
from Taiwan, but also a few lineages that arrived from ISEA in the Early Holocene, most 
probably due to the dramatic postglacial population movements. Taking this in 
consideration, in theory it is possible that some of ISEA founders might have back-
migrated to ISEA in the mid-Holocene. However, no evidence was found of putative mid-
Holocene founders within the mitogenome tree of B4a1a, E1, E2 and F3b. Notably, this 
work confirmed for the first time that all of the lineages that showed a mid-Holocene “out-
of-Taiwan” ancestry in ISEA are also Neolithic markers for the settlement of Taiwan from 
South China, where the putative initial spread of rice-agriculturists across SEA took place. 
By looking at the genome-wide data of the region, a more ancient single genetic ancestry 
of ISEA and Taiwan related to continental Asia is also clear. Nevertheless, it also show 
evidence for gene flow between South China (Dai) to the aboriginal populations of 
Taiwan, and from those to several Austronesian-speaking populations (Paper III). In this 
scenario it appears that rice farmers settled in Taiwan from South China around 7–6 ka, 
and remained somewhat isolated from the autochthonous Taiwanese populations. Later, 
around ~4-5 ka, these populations spread south carrying with them the Neolithic package 
(the characteristic red-slipped pottery and domestication practices) and the Proto-Malayo-
Polynesian language into ISEA and the Pacific [185, 218, 254].   
 
The results presented here confirms that the population history of ISEA (and SEA 
as a whole) is much more rich and complex than a simple two-step model.  The genetic 
landscape of ISEA populations is consistent with the occurrence of both migratory events 
that have been postulated before: the ancestral gene flow from continental Asia (most 
likely in Late Pleistocene/ Early Holocene) and a more recent small-scale genetic 
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incursion from Taiwan (most likely representing the spread of the Neolithic practices and 
Austronesian languages), though each one with different impacts for the populations gene 
pool. Therefore this work allows us to reconcile the previous, partly competing, 
interpretations of the history of the region into a new more integrated model. However, 
although the Y chromosome data presented here (and in the overall literature) revealed a 
quite similar picture of ISEA, advances in whole Y-chromosome sequencing hold a 
promising potential for the analysis of the human paternal phylogeny to its maximal 
resolution (as previously applied to other populations [283]). Therefore, this approach 
could be important to support or modify this new integrated model, and ultimately provide 
the definitive picture for the population history of the region. It also it remains to evaluate 
at a high-resolution level whether a similar clear Chinese signal will be detected in the Y-
chromosome pool of lineages proposed as possible markers for mid-Holocene “out-of-
Taiwan” migration (haplogroups O1a, O1a2 and O3a). This could provide new 
perspectives into the cultural processes involved in the spread of agriculture.  
Finally, the knowledge of population genetic variation is vital not only for 
evolutionary studies, but also biomedical studies. In that sense, this work has contributed 
with substantial data for a more comprehensive view of the population genetic structure of 
SEA. As for future analyses it would be interesting to use these genome-wide data to 
evaluate the genomic effects of local demographic and selective pressures across specific 
regions of SEA. This could potentially provide informative insights into the complex 
interactions between demographic factors and population-specific selective sweeps. 
Additionally, further genetic characterization of, for instance, the so-called relict groups of 
SEA at a genome-wide level, could also be important to illuminate further forces shaping 
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Figure S1. Y-chromosome tree of the SNPs analysed. The embedded table indicates the 
distribution of the haplogroups across the sampled area.  
  




Figure S2. Overall Y-chromosome STR network, calculated using the median-joining algorithm. 
SNPs were not included in the phylogenetic reconstruction and the samples were labelled 
according to their SNP lineage after the network construction, to test the robustness of the 
phylogeny. 
 









Figure S4. STR network of haplogroup O1*. A subclade displaying a deeper ancestry in ISEA than 
the remainder of the haplogroup is indicated as indicated by the founder analysis. 




Figure S5. Scan of migration time from ISEA/Near Oceania into Remote Oceania using both Y-
chromosome and mtDNA variation 
 
 
Figure S6. Plot of cross-validation errors across different analyses of ADMIXTURE, against 
different numbers of ancestral populations (K) 
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Figure S7. Frequency distribution maps of the two East Asian components obtained on the 
ADMIXTURE analysis when five ancestral populations were considered. The outline map 





Figure S8. Frequency distribution map of an Island Southeast Asian/Taiwanese component 
obtained on the ADMIXTURE analysis when 10 ancestral populations were considered. The 
outline map was obtained from www.outline-world-map.com. 
 
  




Figure S9. Bayesian skyline plots (BSPs) for haplogroups B4a1a, E and M7c3c in ISEA and 
Taiwan 
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Figure S10. Data points used in the Surfer software for obtaining the frequency distribution of 
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Table S1. Source and sink mtDNA HVS-I datasets employed in the mtDNA founder analysis into 
ISEA.  
 
Due to the large size of the table S1, the data is provided in digital format (Supplementary 
Tables – Paper I) 
 
Table S2. Additional data compiled and eventually used to refine the topology of the HVS-I 
networks but not employed either as source or sink population in any analysis. 
 
Region Sub-region/group n Reference 
Andaman islands Great Andamanese 20 [1] 
 Jarawa 4 [1] 
 Onge 63 [1] 
Australia Unknown 54 [2] 
 Darling River, West 63 [3] 
 Kimberley of Western Australia 2 [4] 
 western desert of Western Australia 2 [4] 
 Yuendumu, Central Australia 51 [3] 
 northwestern Australia 32 [5] 
Singapore - 55 Unp. 
Malaysia Johor 71 [6, 7] 
 Kedah/Perlis/Penang 52 [6, 7] 
 Perak 67 [6, 7] 
 Kelantan/Terengganu 106 [6, 7] 
 Selangor/Wilayah/Negeri/Melaka 223 [6-8] 
Orang Asli Malaysia 288 [9];  Unp 
 Sakai 20 [10] 
Christmas Islands Christmas Islands 70 [11] 
Micronesia Guam 40 Unpublished 
 Nauru 34 Unpublished 
 Kiribati 14 Unpublished 
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Table S3. Source and sink mtDNA HVS-I datasets employed in the mtDNA founder analysis into 
Remote Oceania. Both source and sink populations in Table S1 are included in the source 
for this analysis. 
 
Region Sub-region/group n Reference 
Source 
Karkar Islands  47 [12] 
New Guinea Simbu/Western Highlands 16 Unpublished 
 Bundi 58 [5]; Unp 
 Irian Jaya 178 Unpublished 
 Southern Highlands 17 Unpublished 
 Sepik Province 219 [13] 
 Port Moresby  117 Unpublished 
 Madang 163 Unpublished 
 Undetermined 78 [2]; Healy and Hunley (genbank direct 
submission); Unpublished 
Bismarck Archipelago Balopa 59 [14] 
 East New Britain 222 [15] 
 West New Britain 353 [15] 
 Lavongai 18 [15] 
 Kavieng 83 Unpublished 
 Lihir 94 Unpublished 
 New Ireland Papua 62 [15] 
 North New Ireland 
Astronesian 
98 [15] 
 Mussau 16 [15] 
Bougainville South 109 [15] 
 North 91 [15] 
 Central - Aita 33 [15] 
 - 22 Healy and Hunley (genbank direct 
submission); Unpublished 
Solomon Islands Malaita 237 [15] 
 - 21 Unp 
Sink 
Vanuatu - 130 [16]; Unpublished 
New Zealand - 13 Pierson and Fris (genbank direct 
submission); Unpublished 
Cook Islands  27 Pierson and Fris (genbank direct 
submission);  Unpublished 
Fiji - 1 Pierson and Fris, 2006 
Tonga - 51 [14]; Pierson and Fris (genbank direct 
submission); 
Samoa - 39 [2]; Pierson and Fris (genbank direct 
submission); 
French Polynesia Mangareva 17 [17], Unpublished 
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Table S4. Primers used in the typing of ten Y-STRs, including the fluorescence label for each 
forward primer (FAM, TET, HEX). References are provided when the primers were taken 
from the literature. 
 







DYS438 FAM-TGGGGAATAGTTGAACGGTAA [20] GTGGCAGACGCCTATAATCC  [20] 
DYS448 FAM- TGTCAAAGAGCTTCAATGGAGA 
(*) 
TCTTCCTTAACGTGAATTTCCTC (*) 
DYS425 TET- TGGAGAGAAGAAGAGAGAAAT (*) AGTAATTCTGGAGGTAAAATGG (*) 
DYS458 TET-GCAACAGGAATGAAACTCCAAT (*) GTTCTGGCATTACAAGCATGAG (*) 
DYS437 TET-GACTATGGGCGTGAGTGCAT  [20] AGACCCTGTCATTCACAGATGA  [20] 
DYS439 TET-TCCTGAATGGTACTTCCTAGGTTT  
[20] 





DYS388 HEX – GTGAGTTAGCCGTTTAGCGA (*) CAGATCGCAACCACTGCG (*) 






  (*) Newly designed primer 
 
Table S5. Primers and restriction enzymes used in the typing of three Y-chromosome SNPs. 
 
SNP Primer Forward Reverse Primer Restriction 
Enzyme 
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Table S6. Samples used in the ADMIXTURE analysis. 
 
Population code n Ethnicity Locale 
Yoruba YRI 60 Yoruba Nigeria 
India IN-WI 25 Caucasoids Rajasthan, India 
IN-WL 14 Caucasoids Maharashtra, India 
Japanese JP-ML 71 Japanese Tokyo, Japan 
JPT 44 Japanese Tokyo, Japan 
Koreans KR-KR 90 Koreans Gyunggi-province, Korea 
Han CN-SH 21 Han Shanghai, China 
Han CHB 45 Han Beijing, China 
Chinese in 
Taiwan 
TW-HA  48 Chinese Taipei, Taiwan 
TW-HB 32 Chinese Taipei, Taiwan 
Han CN-GA 30 Han Guangzhou, China 
Zhuang CN-CC 26 Zhuang Guangxi, China 
Jiamao CN-JI 31 Jiamao Hainan, China 
Wa CN-WA 29 Wa Yunnan, China 
Wa CN-WA 27 Wa Yunnan, China 
Jinuo CN-JN 29 Jinuo Yunnan, China 
Yao TH-YA 19 Yao Chiang Rai province, Thailand 
Phayao province, Thailand 
Nan province,  Thailand 
Paluang TH-PL 18 Paluang Chiang Mai province, Thailand 
Karen TH-KA 20 Karen Mae Hong Son province, Thailand 
Chiang Mai province, Thailand 
Lawa TH-LW 19 Lawa Mae Hong Son province, Thailand 
Tai TH-TU 20 Tai Yuan Lamphun province, Thailand 
Chiang Mai province, Thailand 
Saraburi province, Thailand 
TH-TY 18 Tai Yong Lamphun province, Thailand 
TH-TL 20 Tai Lue Nan province, Thailand 
Chiang Mai province, Thailand 
TH-TK 18 Tai Khuen Chiang Mai province, Thailand 
Ami AX-AM 10 Ami Taiwan 
Atayal AX-AT 10 Atayal Taiwan 
Filipino PI-UB 20 Filipino Isabela Province, The Philippines 
Filipino PI-UN 19 Filipino Metro Manila, The Philippines 
Minanubu PI-MA 18 Minanubu Loreto, Agusan del Sur, The Philippines 
Filipino PI-UI 20 Filipino Zamboango, The Philippines 
Proto-Malay MY-TM 49 Proto-Malay Jelebu District, Negri Sembilan, Malaysia 
Proto-Malay Kuala Pilah District, Negri Sembilan, 
Malaysia 
Malay MY-KN 18 Malay Jeli (Dabung), Machang, Kelantan, Malaysia 
Malay MY-MN 20 Malay Lenggeng, Negeri Sembilan, Malaysia 
Dayak ID-DY 12 Dayak East Kalimantan, Indonesia 
Batak ID-TB 20 Batak Toba Balige, Sumatra, Indonesia 
 ID-KR 17 Batak Karo Karo, North Sumatra, Indonesia 
Malay ID-ML 12 Malay Pelembang, South Sumatra, Indonesia 
Mentawai ID-MT 15 Mentawai Mentawai Island, Indonesia 
Sunda ID-SU 25 Sunda Jakarta, Java,  Indonesia 
Javanese ID-JV 19 Javanese Java, Indonesia 
ID-JA  34 Javanese Jakarta, Java, Indonesia 
Toraja ID-TR 20 Toraja Tana Toraja, Sulawesi,  Indonesia 
Kambera ID-SB 20 Kambera Sumba Timur, Indonesia 
Manggarai ID-SO 19 Manggarai Ngada, Flores,  Indonesia 
ID-RA 17 Manggarai Rampasasa, Manggarai, Indonesia 
Lamaholot ID-LA 20 Lamaholot Larantuka, East Flores,  Indonesia 
Alorese ID-AL 19 Alorese Alor Island, Indonesia 
Lembata ID-LE 19 Lembata Lembata, East Flores, Indonesia 
Melanesians AX-ME 5 Melanesians Indo-Pacific 
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Table S7. M7 sequences used in the phylogenetic reconstruction. 
Due to the large size of the table S7, the data is provided in digital format (Supplementary 
Tables – Paper I): 
 
Table S8. M9/E sequences used in the phylogenetic reconstruction. 
Due to the large size of the table S8, the data is provided in digital format (Supplementary 
Tables – Paper I) 
 
Table S9. B4a1a sequences used in the phylogenetic reconstruction. 
Due to the large size of the table S9, the data is provided in digital format (Supplementary 
Tables – Paper I) 
 
Table S10. Sequences used in the ancient DNA fossil calibration with BEAST. 
Due to the large size of the table S10, the data is provided in digital format 
(Supplementary Tables – Paper I) 
 
Table S11. Increment periods, peak of increment and ratio of increment in the Bayesian skyline 
plots (BSPs) of mtDNA haplogroups B4a1a, E and M7c3c in ISEA and Taiwan. 
 
Clade Location Increment period Ratio of 
increment 
Peak 
B4a1a ISEA 3.5-10.2 ka 21x 6.7 ka 
Taiwan 0.4-9.3 ka 85x 6.7 ka; 1.5 ka 
E ISEA 3.8-7.7 ka 11.5x 6.1 ka 
Taiwan 3.1-7.4 ka 8.9x 5.2 ka 
M7c3c ISEA 2.2-5.2 ka 7.6x 4 ka 
Taiwan 3.6-7.6 ka 2.9x 5.2 ka 
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APPENDIX B – SUPPLEMENTARY INFORMATION OF PAPER II 
Quantifying the legacy of the Chinese Neolithic on the maternal genetic heritage of 
Taiwan and Island Southeast Asia 
 
  








Figure S1. Map showing the geographic distribution and the sample sizes for the dataset used in 
the Surfer analyses.  
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Figure S2. Frequency distribution maps for mtDNA haplogroups examined in this study based on 
HVS-I data. Map created using Surfer.  




Figure S3. Bayesian skyline plots for mtDNA haplogroups examined in this study, assuming a 
generation of 25 years. The black lines represent the posterior median of the effective 
population size through time, and the grey regions represent the 95% confidence interval. 
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Figure S4. Phylogeographic patterns in ISEA.  (a) ML ages of key mtDNA clades in ISEA and its 
ancestral node. (b) Number of mutations between key mtDNA clades in ISEA and its 
ancestral node.   
 
 
Figure S5. Bayesian skyline plots for ISEA, with the whole-mtDNA data set available, assuming a 
generation of 25 years. The black line represents the posterior effective population size 
through time, and the grey regions represents the 95% confidence interval. 
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Table S1. List of the 114 whole-mtDNA genomes sequenced and characterized in this study and 
corresponding geographic region. 
 
Due to the large size of the table S1, the data is provided in digital format (Supplementary 
Tables – Paper II) 
 
Table S2. List of the 829 published whole mitochondrial genomes used for the phylogeographic 
analysis with the corresponding origin and haplogroup affiliation.  
 
Due to the large size of the table S2, the data is provided in digital format (Supplementary 
Tables – Paper II) 
 
Table S3. Age estimates using rho (ρ) and ML for haplogroups B4b1, B4c1, B5b, D5, F1a4, F3, 
N9a, R9b, R9c and Y2, and its major subclades. Ages and 95% confidence intervals (CI) in 
thousands of years.  
 
Due to the large size of the table S3, the data is provided in digital format (Supplementary 
Tables – Paper II) 
 
Table S4. Entrance age estimates of the mtDNA lineages in this study in ISEA or Taiwan. 
mtDNA lineages Region Age estimate (years) 95% confidence interval 
N9a6a ISEA 8,600 2,200 – 15,200 
Y2a ISEA 5,300 2,800 – 7,900 
B4b1a2 ISEA 5,300 3,200 – 7,400 
Taiwan 6,700 4,300 – 9,200 
B4c1b2a2 ISEA 7,600 4,900 – 10,400 
Taiwan 1,000 300 – 1,800 
B5b1c ISEA (Philippines) 8,900 6,500 – 11,300 
R9b1a1a ISEA 7,900 2,100 – 13,900 
R9c1a ISEA 5,900 3,300 – 8,600 
Taiwan 4,800 1,100 – 8,700 
F1a4a1 ISEA 3,400 1,200 – 5,600 
F3b1 Taiwan 5,800 700 – 11,100 
D5b1c1a ISEA 4,600 0 – 9,300 
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Table S5. Founder ages estimates for the main clades in Taiwan. 
Founder clade Age (years) 95% confidence interval 
A5b1 0 – 
B4a1a 5,900 2,500 –9,300 
B4a2 10,100 5,300–15,000 
B4b1a2 8,000 4,100–12,100 
B5a2 14,100 6,500–22,000 
C7a 0 – 
D4a 0 – 
D4i 0 – 
D5b3 10,200 3,800–16,700 
D6a2 0 – 
E1a 7,100 3,600–10,600 
E2b 4,200 1,400–7,100 
F1a1d 4,600 300–8,900 
F1a3 0 – 
F1a3a 9,500 3,700–15,400 
F1a4 3,500 0–7,100 
F2 0 – 
F3b1a 6,600 1,300–12,100 
F4b 3,900 400–7,600 
M7b1d3 5,600 1,100–10,300 
M7b3a 7,700 4,500–10,900 
M7c3a 5,700 2,400–9,100 
M7c3c 7,400 4,500–10,400 
M8a2 0 – 
N9a10 8,300 2,300–14,600 
R9b1a2 10,100 3,700–16,700 
R9c1a 4,800 1,100–8,700 
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Supplementary Note 1 
 
Phylogeography of the mtDNA haplogroups targeted in this study 
 
Here we provide, separately, the results of the phylogeographic reconstruction of all 
mtDNA haplogroups targeted in our study, as well the population expansion signals 
associated to each mitochondrial DNA lineage.   
 
Haplogroup N9a 
The overall phylogeographic pattern of mtDNA haplogroups N9 suggests an Eastern 
Asian origin ~50 ka (50.6 [37.1; 64.6] ka) (Table 1). N9 encompasses three basal 
branches: N9a, N9b and Y. The major subclade, N9a, dates to ~20 ka (20.0 [14.5; 25.5] 
ka) and is frequent across China, Japan and West ISEA (Fig. S1), suggesting an East 
Asian ancestry of this clade around the time of the LGM. N9a splits into six subclades, 
four with a strong Northeast Asian (i.e. Chinese and/or Japanese) focus (N9a1'3, 
N9a2'4'5, N9a8 and N9a9), and two with a probable MSEA/South Chinese ancestry (N9a6 
and N9a10).  
N9a6, dating to ~15 ka (14.8 [9.9; 19.8] ka), is by far the most frequent subclade of N9 in 
SEA. This subclade encompasses several basal branches with a strong MSEA ancestry, 
centred on Vietnam, and two major subclades, N9a6a and N9a6b, present in 
Austronesian-speaking populations. N9a6a, as shown previously (Hill et al. 2007), is 
frequent in Malaysia (N9a6a1) and the islands of Borneo and Sumatra (N9a6a2, N9a6a3 
and N9a6a4) and, considering its estimated time of entrance in ISEA (8.6 [2.2; 15.2] ka) 
(Table S4), it probably expanded during the final flooding period (Pelejero et al. 1999).  
In contrast with this pattern, subclade N9a10 arose within the region of South China and 
MSEA, in the same time frame (16.6 [11.0; 22.4] ka), but its major subclade, N9a10a, is 
mostly present in Taiwan and South China and absent in ISEA (apart from one individual 
so far in the Batanes Island, most probably related to Taiwan considering the close 
relationships between the Ivatan and the Yami people (Loo et al. 2011)). Considering the 
dispersal period of ~10-6 ka (10.0 [4.7; 15.4]; 6.3 [0.2; 12.5] ka) (Table 1) in the region, it 
seems plausible that N9a10 arrived in Taiwan from China with Neolithic rice 
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agriculturalists, together with M7b1d3, M7b3a and M7c3c (Soares et al. 2016)– but, 
similar to M7b1d3, there is no sign that it dispersed towards ISEA.  
The BSP obtained for mtDNA haplogroup N9a shows two waves of population expansion 
(Fig. S2), at ~12 ka and ~7 ka (Table 2), the latter one correlating well with the expansion 
into ISEA and Malaysia, as given by the age of N9a6a. Given the overall phylogenetic and 
phylogeographic pattern and the BSP population expansions, mtDNA haplogroup N9a 
appears to have an East Asian origin with some of its lineages spreading to the Sunda 
continent during the postglacial period, thus constituting a strong candidate for a 
postglacial mtDNA signal for migrations from MSEA.   
 
Haplogroup Y 
A second branch of N9, haplogroup Y, dates to almost 30 ka (28.0 [16.1; 40.5] ka) (Table 
1). This splits into two major subclades, Y1, which shows a clear North Asian ancestry, 
probably within South Siberia at the end of Last Glacial period, and a second younger 
subclade Y2, dating to ~10 ka (9.6 [5.0; 14.4] ka), which is mostly found in Taiwan and 
ISEA, at an overall frequency of ~18%. Y2a, dating to ~6 ka (6.1 [3.2; 9.1] ka), is the most 
frequent branch of Y2, and the only one observed in Austronesian-speaking populations. 
The age interval between Y2 (9.6 ka) and Y2a (6 ka) suggests a migration from mainland 
to insular locations in the time frame of the hypothetical settlement of Taiwan by rice-
agriculturalists from South China. Y2a is frequent in Taiwan and ISEA, where its founder 
age suggested an entrance in ISEA around ~5 ka (5.3 [2.8; 7.9] ka). Y2a encompasses a 
“star-like” branch, Y2a1a that is mainly found in ISEA which, given its age (4.1 [2.3; 5.8] 
ka), seems likely to have accompanied the Neolithic Austronesian dispersal from Taiwan 
into ISEA. The BSP also displays a population increment after 5 ka. Y2, mostly Y2a1, 
thereby represents, along with M7c3c (Soares et al. 2016), a strong candidate for an OOT 
mtDNA marker.  
 
Haplogroup B4b1 
Haplogroup B4 (Hill et al. 2007) is subdivided into three main subclades, B4a, B4b'd and 
B4c, and dates to ~35 ka (Derenko et al. 2012). Subclade B4b splits in two major 
subclades, the Amerindian-specific branch B2 (Bandelt et al. 2003; Eshleman et al. 2003) 
and B4b1, dating to ~25 ka (25.1 [17.0; 33.6] ka) (Table 1), which displays a wide 
geographic distribution from Northeast Asia to SEA (Fig. S1).  
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We previously identified B4b1 as a candidate genetic marker of the pottery-making rice-
farming OOT dispersal into ISEA (Soares et al. 2016). The reconstructed whole-mtDNA 
genome phylogeography shows that within B4b1, B4b1a is by far the most frequent 
subclade in SEA, found in both MSEA and ISEA. This subclade is also found in Northern 
Asia, in the form of B4b1a1 and B4b1a3.  
B4b1a2, dating to ~9 ka (9.3 [6.8; 11.8] ka), is the major subclade of B4b1a, and is the 
only one that is present in Taiwan and ISEA. A founder age from ISEA into Taiwan 
indicates an entrance ~7 ka (6.7 [4.3; 9.1] ka), matching the hypothetical rice-
agriculturalist migration from China to Taiwan. Given the overall phylogeographic patterns 
of this clade, with a founder age of ~5 ka (5.3 [3.2; 7.4] ka) in ISEA, it seems possible that 
B4b1a2 could have dispersed from South China into Taiwan and later to ISEA in a similar 
fashion to M7c3c, following the OOT model. Another similarity with M7c3c is that the clade 
expanded to Micronesia and northwest Polynesia and is not detected along the North 
Coast of New Guinea or the Bismarck Archipelago. The increment time shown by the BSP 
(Table 2) within the Neolithic time frame also supports B4b1a2 as a genetic signal for the 
Neolithic dispersal from Taiwan to ISEA.   
 
Haplogroup B4c1 
mtDNA haplogroup B4c has a pre-LGM Northern Asian origin, followed by a later 
distribution of its major subclade B4c1 and minor subclade B4c2 (Derenko et al. 2012). 
B4c1 is broadly frequent throughout East Asia and SEA (Fig. S1). It splits into two further 
subclades: a minor Japanese offshoot, B4c1c, and a second major subclade, B4c1a’b, 
incorporating B4c1a, displaying a clear Northeast Asian ancestry centred on Japan, and 
B4c1b which, by contrast, is prominent throughout Malays, Filipinos and aboriginal 
Taiwanese. Within B4c1b, the subclade B4c1b2 – more specifically the branch B4c1b2a2, 
dating to ~8 ka (8.0[5.6; 10.5] ka) (Table 1) – is by far the most frequent lineage in Taiwan 
and ISEA, suggesting an ancestry within those regions.  
Soares et al. (2016), based on mtDNA HVS-I data, suggested that B4c1 could represent a 
genetic marker for the OOT model. At the whole-mtDNA genome level, only one subclade 
of B4c1b2a2 is found in Taiwan, whereas several exist in ISEA, including the branch that 
appears in Taiwan (detected in the Philippines). This evidence points to an origin in ISEA 
and a northwards migration. Using an exploratory founder analysis, considering ISEA and 
Taiwan as hypothetical source and sink populations and vice versa, we estimated a 
founder age of ~1 ka (1.0 [0.3; 1.7] ka) in Taiwan and 7.6 [4.9; 10.4] ka in ISEA, 
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emphasizing that an origin in Taiwan is very unlikely. The increment ~6 ka in the BSP 
(Table 2), as for B4b1 above, does not clearly distinguish between an OOT or a 
postglacial expansion. The age of B4c1b2a at 14.5 [6.4; 23.1] ka indicates that the clade 
entered ISEA between 15 ka and 8 ka, a pattern similar to the more common  B4a1a1 
(Soares et al. 2011). 
In fact, the B4c1b2a2a subclade (defined here) is the only Taiwanese branch of B4c1, and 
is found only in the Yami. These people, also known as Tao, are native to the small 
outlying Orchid Island in Taiwan and are distinct from other Taiwanese aboriginal groups 
as the only non-Formosan Austronesian speakers among Taiwanese aborigines. The 
languages of Yami belong to the Batanic sub-branch of the Western Malayo-Polynesian 
branch, which comprises all of the Austronesian languages spoken outside Taiwan(Blust 
2009), suggesting a recent migration from the Philippines. This hypothesis is supported by 
the recent founder age ~1 ka as calculated above. Given the overall pattern, B4c1b2a2 
appears to constitute a genetic signature of the reticulated network of cultural/linguistic 
relationships between Orchid Island and Philippines previously described by Ross (Ross 
2005). Considering that B4c1b2a2 is not defined by any HVS-I variants, the diversity 
detected outside ISEA was probably part of B4c1b2a* which allowed the clade to be 
considered a founder into ISEA in the HVS-I founder analysis (Soares et al. 2016) under 
the founder analysis criteria for derived clades in the source (Richards et al. 2000). This 




The mtDNA haplogroup B5b is the other Asian haplogroup B lineage that we are focusing 
on in our study. B5b reaches up to ~8–9% in Malaysia and southeast Indonesia, but it is 
considerably less frequent in the neighbouring regions (Fig. S1). B5b dates to ~30 ka 
(29.8 [20.7; 39.3] ka) (Table 1), and the major subclade, B5b1, diverged ~24 ka (23.9 
[13.9; 34.3] ka) somewhere within East Asia. B5b1 splits into two main subclades: B5b1a 
is an entirely Japanese clade that dates to ~19 ka (19.0 [8.8; 29.8] ka) and B5b1c is found 
only in Austronesian-speaking populations, with a founder estimate age in the Philippines 
~9 ka (8.8 [6.5; 11.3] ka). The time gap between this Holocene subclade and its Late 
Pleistocene ancestor (B5b1) suggests extensive genetic drift during this period, most 
likely due to the sea-level rises that resulted from the global warming at the end of the 
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Pleistocene (Pelejero et al. 1999). The BSPs also show two-stepped population growth in 
the Late Pleistocene and Holocene (Table 2).  
Given the overall pattern, B5b seems to have had a South Chinese origin in the Late 
Pleistocene and to have spread widely over central/eastern Asia since then, similar to 
B4c1b2a2 (above) and B4a1a (Soares et al. 2011),and  its arrival in ISEA was prompted 
by climate change, rather than driven by the Neolithic (from MSEA in this case, not 
Taiwan) as inferred from the HVS-I founder analysis performed previously (Soares et al. 
2016). Again, the fact that B5b1c (or even B5b1) is not defined by any HVS-I mutation led 
the clade as a whole to be considered a founder from Asia, resulting in very imprecise age 
estimates.   
 
Haplogroup R9b 
mtDNA haplogroup R9 encompasses three basal branches, R9b, R9c and F, all with an 
East Asian origin in the Late Pleistocene (Hill et al. 2006; Peng et al. 2010). R9b is 
frequent throughout East Asia, reaching ~20% in South China. The presence of this clade 
gradually decreases throughout continental and insular Southeast Asia, and it is 
completely absent in the Philippines (Fig. S1). R9b was identified as a possible marker for 
postglacial expansions by Hill et al. (2006). Here we reanalysed the R9b phylogeography 
in light of the whole-mtDNA sequences, as well as our re-evaluation of the molecular clock 
(Soares et al. 2009). 
R9b dates to ~39 ka (38.7 [23.9; 54.3]) ka (Table 1), and splits into two main branches: 
R9b1, with a clear, ancient MSEA ancestry, and a more recent subclade, R9b2, dating to 
just ~6 ka (5.7 [1.3; 10.2] ka), only found in Malays, Vietnamese and Thai. This implies an 
overall origin of R9b in MSEA. R9b1a, the major clade of R9b, dating to ~18 ka (18.6 
[10.8; 26.7] ka), splits into three subclades, R9b1a1, R9b1a2 and R9b1a3. The 
phylogeographic distribution of R9b1a1 suggests an expansion within the SEA ~11 ka 
(11.6 [6.0; 17.3] ka), with its subclade, R9b1a1a, showing a postglacial founder estimate 
age in insular Southeast Asia of ~8 ka (7.9 [2.1; 13.9] ka). 
This overall pattern, allied to the population expansion detected in the Mid-Holocene (Fig. 
S2), supports the view of R9b as a genetic marker for postglacial expansions from MSEA, 
as suggested before (Hill et al. 2006). The mtDNA haplogroup R9b – similarly to N9a – 
has an East Asian origin in the Late Pleistocene, and later with the climatic improvement 
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R9c, which is mostly found on the eastern side of ISEA (Fig. S1), has only one major 
subclade, R9c1, dating to ~28 ka (28.4 [17.2-40.3] ka) (Table 1). This subclade splits into 
three main branches, all of them with a tree structure and distribution focused on ISEA. 
The main branch R9c1a, dating to ~6 ka (5.9 [3.7; 8.3] ka), is largely restricted to 
Austronesian-speaking populations, excepting one South Chinese sample. Following 
previous inferences (Soares et al. 2016), R9c1a appears to have entered ISEA at the end 
of the postglacial dispersals (~5.9 [3.3; 8.6] ka), later reaching Taiwan (~4.8 [1.1; 8.7] ka). 
This was mainly inferred from a distribution centred on the Sunda shelf and the complete 
lack of HVS-I diversity in Taiwan. However at the whole-mtDNA level the picture becomes 
less clear-cut. There is a single South Chinese sample that could represent an accidental 
or indicate an origin in South China/Taiwan. Also, the age estimate of the clades at ~6 ka 
is ambiguous and slightly older than the hypothetical OOT migration, but it is also more 
recent than the postglacial expansions. The large age distance between R9c1a and its 
ancestor, R9c1 (nearly 30 ka (28.5 [17.2-40.3] ka)) indicate that this subclade could have 
been within ISEA or Taiwan since the Late Pleistocene, a pattern mainly observed in 
clades present in ISEA that went through extensive genetic drift during the flood episodes 
(as B4a1a1, E, B4c1b2a2, and B5b1). The recent population expansion (~2 to 5 ka) 
(Table 2) detected by the BSP could indicate a more recent autochthonous Southeast 
Asian expansion.  
Overall, R9c does not fit the OOT phylogeographic parameters established by Soares et 
al. (2016) and shows ambiguous results; but the overall pattern suggests an ISEA origin 
rather than an OOT origin.  
 
Haplogroup F1a4  
The mtDNA haplogroup F1a4 is extremely rare, found at low frequency only in South 
China and Austronesian-speaking populations. F1a4 dates to 16.2 [7.0; 26.0] ka (Table 1) 
and includes a major subclade, F1a4a, with a clear Chinese origin ~12 ka (11.7 [3.0; 20.9] 
ka) (Table 1). This clade encompasses a star-like cluster of several Taiwanese ancestors, 
referred as F1a4a1, dating to just above 4 ka (4.3 [1.8; 6.8] ka), and a descendent 
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subclade, F1a4a1a, found only in ISEA, Malaysia and Micronesia, dating just over 3 ka 
(3.3 [1.3; 5.3] ka). The time gap between the emergence of F1a4a and this F1a4a1 
suggests a time of arrival in Taiwan fitting well the time frame for the arrival of rice-
agriculturalists in the OOT model. An entry into ISEA between the age of F1a4a1 in 
Taiwan (4.3 ka) and F1a4a1a at 3.3 ka also fits the Austronesian migration in the OOT 
model. The BSP plot of F1a4 shows population increment within the last 4 ka (Table 2), 
which fits the arrival/dispersal time of F1a4a1 in ISEA (~3.4 [1.2; 5.6] ka). Given this 
overall pattern, F1a4 could have been carried into Taiwan from South China by rice-
agriculturists, and later with the OOT migration into ISEA along with mtDNA lineages 
B4b1a2, Y2a1 and M7c3c (Soares et al. 2016). As with M7c3c and B4b1a2, the presence 




The mtDNA haplogroup F3 dates to ~32 ka (31.7 [21.5; 42.3] ka) (Table 1) and is fairly 
common throughout East and Southeast Asia. There are two major basal subclades, F3a 
and F3b, both with similar Late Pleistocene ages (26.7 [16.5; 37.1] ka and 25.2 [15.4; 
35.4] ka, respectively) (Table 1), but with clearly different ancestries. F3a is mostly 
present in MSEA, such as Vietnam, Laos, Malaysia and southern China, suggesting that 
this clade has a MSEA ancestry. The daughter clade, F3a1, dates to ~16 ka (16.6 [9.0; 
24.5] ka) and, similarly to its ancestral clade, displays a MSEA origin centred on Vietnam 
and Laos.  
The sister clade F3b is divided into two subclades. One, F3b2, is rare and was detected 
only in South China, while F3b1, dating to ~12 ka (12.4 [5.2; 20.0] ka), is by far the more 
common subclade of F3b and is largely restricted to Austronesian-speaking populations in 
ISEA and Taiwan. Within F3b1, F3b1b is restricted to ISEA while F3b1a is found in ISEA 
and Taiwan, strongly suggesting an origin in ISEA and a migration into Taiwan. A founder 
age into Taiwan (5.8 [0.7; 11.1] ka) (Table S4), is concordant with the hypothesis that this 
clade accompanied postglacial dispersed from ISEA towards Taiwan, again most probably 
as a result of sea-level rises. Overall, indeed, the age and distribution of haplogroup F3 
shows many similarities with haplogroup E (Soares et al. 2008). It likewise emerged in 
ancient Sundaland over 30 ka, but probably further to the west, within what is now MSEA. 
Two subclades within haplogroup F3b1 show traces of expansion in the last 8 ka in ISEA, 
with one reaching Taiwan. The BSP for mtDNA haplogroup F3 shows two population 
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expansion periods, the first between ~5–10 ka and the second within the last 4 ka (Table 
2). Given the phylogeographic and phylogenetic patterns of F3 overall, it seems likely that 
this clade dispersed more than once within the Sunda region over the last ~16 ka.   
 
Haplogroup D5 
The mtDNA haplogroup D5 dates to just over ~30 ka (33.3 [24.6; 42.2] ka), and is widely 
distributed throughout East and Southeast Asia. There are two basal branches, D5a’b and 
D5c. The latter further separates into D5c1 and D5c2, both with a probable 
North/Northeast Asian origin. D5a’b separates into two major subclades: D5a, which is 
widely dispersed throughout East and Northeast Asia, and D5b, which is extremely 
frequent in Taiwan and less frequent in Southeast Asia. This clade splits into two 
subclades, D5b1 and D5b3 (a newly defined branch). D5b3 dates to ~11 ka (10.9 [5.6; 
16.4] ka) (Table 1) and is largely restricted to Chinese and Taiwanese populations, and 
virtually absent in ISEA. Given the existence of several Taiwanese branches dating to less 
than 4 ka, it seems likely that D5b3 moved between 10 ka and 3 ka, suggesting that it 
could have arrived in Taiwan with the Neolithic rice-farmers from South China. However, it 
did not follow the Austronesian movement OOT, resembling in thsi respect the patterns of 
mtDNA haplogroups N9a10a and M7b1d3. 
Within D5b1, subclade D5b1c1, dating to ~9 ka (9.1 [4.0; 14.4] ka) is the only D5 subclade 
to disperse to insular Southeast Asia. This subclade includes a cluster with ancestry in 
Taiwan, D5b1c1a, dating ~6 ka (6.0 [0; 13.8] ka), restricted to Austronesian-speaking 
populations. Although the tree might seem to imply a deeper ancestry in ISEA than in 
Taiwan, this is caused by a single HVS-I variant, 16092, that is mildly fast and could 
represent homoplasy. A founder age into ISEA is ~4.6 [0; 9.3] ka, again suggesting a 
Neolithic OOT marker clade. The population increase between ~13 ka till ~3.5 ka, with a 
peak at ~7.7 ka (Table 2), mostly shows a signal of early population expansion within 
South China. In contrast to other clades described above, the Austronesian component in 
the BSP is somewhat low which does not make any hypothetical OOT expansion 
important in the overall BSP against postglacial expansions in continental Asia. Although it 
is a probable OOT marker its presence in ISEA is low, at comparable levels to another 
OOT candidate, M7b3 (Soares et al. 2016).  
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APPENDIX C – SUPPLEMENTARY INFORMATION OF PAPER III 
The genome-wide landscape of Island Southeast Asia 
 
  


























Figure S2. sNMF analysis (K=2 to K=7) of Asian and neighbouring populations and 
subpopulations. Each individual from populations is represent in the x-axis, as a vertical 





Figure S3. Cross-validation for ADMIXTURE analysis. Ks between 3 and 12.  
 




Figure S4: Box plot of the total ROH (Mb) and inbreeding factor (F) in the Southeast Asian 
populations. The bottom and the top are the first and third quartiles, whereas the line inside 
the box is the median. The whiskers are the maximum and the minimum and of all the data; 
and dots represent outliers not included in the whiskers.  
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Figure S5. PCA plots for East and Southeast populations using the expanded Pan-Asian SNP 
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Figure S6. Maximum likelihood population tree and admixture events inferred by TreeMix. The tree 
that best fit the dataset has six inferred migration edges, which explains 99.7% of genetic 
variation of the populations. The spectrum of colour of the migration arrows indicates 
different migration weights. The branch lengths are proportional to the amount of genetic drift 
that has occurred on populations.  
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Figure S7. Maximum likelihood population tree and admixture events inferred by TreeMix for the 
expanded Pan-Asian SNP Consortium (EPASC) dataset. The spectrum of colour of the 
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Table S1. Characterization of the samples used included in this study.  
 
Geographic division Region Population # samples Dataset Reference  
Africa Yoruba Yoruba 21 HGDP-CEPH  
10 1000 Genomes Project  
South Asia India Indian Gujarati  20 1000 Genomes Project  
Indian Telugu 10 1000 Genomes Project  
Northeast Asia China Daur 9 HGDP-CEPH  
China Hezhen 8 HGDP-CEPH  
China Mongolia 10 HGDP-CEPH  
China Oroqen 9 HGDP-CEPH  
China Tu 10 HGDP-CEPH  
China Yakut 23 HGDP-CEPH  
East Asia China Chinese Dai 10 1000 Genomes Project  
10 HGDP-CEPH  
Chinese Han 20 1000 Genomes Project  
52 HGDP-CEPH  
Miaozu 10 HGDP-CEPH  
Naxi 8 HGDP-CEPH  
She 10 HGDP-CEPH  
Tujia 10 HGDP-CEPH  
Yizu 10 HGDP-CEPH  
Japan Japan 28 HGDP-CEPH  
10 1000 Genomes Project  
Taiwan Taiwan Ami 7 This study 
Atayal 7 This study 
Bunun 9 This study 
Paiwan 10 This study 
Island  
Southeast Asia 
East Indonesia Alor 5 This study 
East Indonesia Ambon 7 This study 
East Indonesia Palu 1 This study 
East Indonesia Toraja 1 This study 
Philippines Philippines 10 This study 
West Indonesia Bali 10 This study 
West Indonesia Mataram 7 This study 
West Indonesia Palembang 8 This study 
West Indonesia Pekanbaru 4 This study 
West Indonesia (Borneo) Banjarmasin 9 This study 
West Indonesia (Borneo) Kota Kinabalu 8 This study 
West Indonesia (Borneo) Palangkarya 3 This study 
Mainland  Myanmar Myanmar 9 This study 
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Southeast Asia Laos Laos 28 This study 
Malaysia Malaysia 32 This study 
Thailand Thailand 10 This study 
Vietnam Kinh 15 This study 
Kinh   10 1000 Genomes Project  
S'tieng 14 This study 
Tay Nung 15 This study 
Melanesia Melanesia Melanesian 10 HGDP-CEPH  
New Guinea Kavieng 12 This study 
Lihir 11 This study 
Madang 2 This study 
Papua 3 HGDP-CEPH  
Papua 21 This study 
Port Moresly 10 This study 
Vanuatu Port Orly 8 This study 
 
 





Region Population # samples Dataset Reference  
Africa Yoruba Yoruba 60 1000 Genomes 
Project 
South Asia India 
 
 
Gujarati  103 1000 Genomes 
Project  
Punjabi 96 1000 Genomes 
Project 
East Asia China Chinese 110 Pan-Asian SNP 









51 Pan-Asian SNP 
Southern Han 105 1000 Genomes 
Project 
Hmong 26 Pan-Asian SNP 
 
 
Jiamao 31 Pan-Asian SNP 
 
 
Jinuo 29 Pan-Asian SNP 
Wa 56 Pan-Asian SNP 
 
 
Zhuang 26 Pan-Asian SNP 




104 1000 Genomes 
Project  
Ryukyuan 49 Pan-Asian SNP 
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Korea Korean 90 Pan-Asian SNP 
Taiwan Taiwan Ami 10 Pan-Asian SNP 
 
 
Atayal 10 Pan-Asian SNP 
Island  
Southeast Asia 
Indonesia Alorese 19 Pan-Asian SNP 
Dayak 12 Pan-Asian SNP 
Javanese 53 Pan-Asian SNP 
Batak Karo 17 Pan-Asian SNP 
Kambera 20 Pan-Asian SNP 
Lamaholot 20 Pan-Asian SNP 
Lembata 19 Pan-Asian SNP 
Malay 12 Pan-Asian SNP 
Mentawai 15 Pan-Asian SNP 
Manggarai 36 Pan-Asian SNP 
Sunda 25 Pan-Asian SNP 
Batak Toba 20 Pan-Asian SNP 
Toraja 20 Pan-Asian SNP 
Philippines Agta 8 Pan-Asian SNP 
Ayta 8 Pan-Asian SNP 
Ati 23 Pan-Asian SNP 
Iraya 9 Pan-Asian SNP 
Minanubu 18 Pan-Asian SNP 
Mamanwa 19 Pan-Asian SNP 
Filipino 59 Pan-Asian SNP 
Mainland  
Southeast Asia 
Malaysia Bidayuh 50 Pan-Asian SNP 
Negrito 80 Pan-Asian SNP 
Malay 38 Pan-Asian SNP 
Proto-Malay 49 Pan-Asian SNP 
Singapore Malay 30 Pan-Asian SNP 
Thailand Hmong 20 Pan-Asian SNP 
Karen 20 Pan-Asian SNP 
Lawa 19 Pan-Asian SNP 
Mon 19 Pan-Asian SNP 
Paluang 18 Pan-Asian SNP 
Plang 18 Pan-Asian SNP 
Tai Khuen 18 Pan-Asian SNP 
Tai Lue 20 Pan-Asian SNP 
H’tin 18 Pan-Asian SNP 
Tai Yuan 20 Pan-Asian SNP 
Tai Yong 18 Pan-Asian SNP 
Yao 19 Pan-Asian SNP 
Vietnam Kinh   99 1000 Genomes 
Project  
Melanesia Melanesia Melanesian 5 Pan-Asian SNP 
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